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ABSTRACT 


Title  of  Dissertation:  The  Role  of  Nitric  Oxide  in  Modulating  Retinal,  Choroidal,  and  Anterior  Uveal 
Blood  Row  in  the  Domestic  Piglet 

Jorge  L  Jacot,  Doctor  of  Philosophy,  1993 

Dissertation  Directed  by:  Jack  E.  McKenzie,  Ph.D.,  Associate  Professor; 

Department  of  Physiology 

The  role  of  nitric  oxide  in  modulating  the  autoregulatory  capacity  of  the  retinal  circulation  and  in 
maintaining  the  basal  vascular  tone  of  the  uveal  circulation  was  investigated.  Volumetric  blood  flow 
(ml/min/100  gm  dry  weight)  to  ocular  tissues  was  determined  in  23  anesthetized  piglets  (3-4  kg) 
using  six  radiolabelled  microspheres.  Temporal  control  studies  (n=6)  were  performed  to  determine 
optimal  post-surgical  time  for  subsequent  blood  flow  measurements.  Additional  experiments  were 
conducted  utilizing  the  inactive  enantiomer  D-NAME  as  vehicle  control  (n=6)  and  L-NAME  as  an 
inhibitor  of  nitric  oxide  synthase  (n=6).  Ocular  perfusion  pressure  was  defined  as  mean  arterial 
pressure  minus  intraocular  pressure.  Intraocular  pressure  was  manipulated  hydrostatically  by  needle 
cannulation  of  the  anterior  chamber  of  the  eye.  Ocular  perfusion  pressure  was  decreased  during 
intravenous  infusion  (30mg/kg/hr)  of  either  D-NAME  or  L-NAME.  Blood  flows  were  determined  at 
baseline  and  ocular  perfusion  pressures  of:  60,  50,  40,  30,  and  20  mmHg.  Compared  to  D-NAME 
treated  animals  mean  baseline  choroidal  and  anterior  uveal  Wood  flows  with  L-NAME  showed  a  47% 
and  43%  reduction  (p<.001)  respectively,  while  mean  baseline  retinal  blood  flow  did  not  differ. 
Retinal  Wood  flow  with  L-NAME  was  reduced  at  all  other  ocular  perfusion  pressures  when  compared 
to  D-NAME  (repeated  measures  ANOVA: protected  T-tests  p<.05).  Both  groups  revealed  partial 
retinal  Wood  flow  autoregulation  as  determined  by  closed  loop  gain  formula.  Retinal  autoregulation 
was  significantly  compromised  with  L-NAME.  Choroidal  and  anterior  uveal  Wood  flows  were  linearly 


ii 


correlated  with  ocular  perfusion  pressure  in  both  groups  (Choroid  r=0.80  D-NAME ,  r=0.75  L-NAME 
;  anterior  uvea  r=0.74  D-NAME  ,  r=0.86  L-NAME).  Five  animals  were  utilized  to  evaluate  the 
blockade  of  nitric  oxide  synthase  with  intra-atrial  bolus  administration  of  L-arginine  (180  mg/kg). 
Following  L-arginine  administration  we  obtained  mean  choroidal  and  anterior  uveal  blood  flow  values 
above  the  95%  confidence  limits  for  mean  blood  flow  values  in  the  L-NAME  treated  animals.  These 
data  support  the  hypothesis  that  nitric  oxide  plays  a  significant  role  in  maintaining  the  autoregulatory 
capacity  of  the  retinal  vasculature  and  is  a  mediator  in  maintaining  the  vascular  tone  of  the  choroidal 
and  anterior  uveal  circulation  in-vivo. 
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BACKGROUND  AND  SIGNIFICANCE 


Anatomy  of  the  Ocular  Circulation: 

The  ocular  circulation  is  comprised  of  two  distinct  vascular  systems;  the  retinal  and  uveal 
circulations  (see  Appendix).  The  uveal  circulation  includes  the  vascular  beds  of  the  iris,  the  ciliary 
body,  and  the  choroid  (Bill,  1983).  In  humans  the  ocular  blood  vessels  are  derived  from  the 
ophthalmic  artery,  which  is  a  branch  of  the  internal  carotid  artery.  The  ophthalmic  artery  branches 
to  form  the  central  retinal  artery  which  courses  through  the  center  of  the  distal  portion  of  the  optic 
nerve  to  reach  the  eye.  Near  the  optic  nerve  head  the  central  retinal  artery  branches  into  four  major 
quadrant  branches  which  nourish  the  INNER  layers  of  the  retina  (Bill,  1983).  In  pigs,  the  ocular 
circulation  is  supplied  from  an  ophthalmic  artery  arising  from  the  internal  maxillary  artery  which  is 
a  branch  of  the  external  carotid  artery  (Prince  et  al,  1960).  Anatomical  orientation  of  the  various 
posterior  eye  structures  are  customarily  described  in  reference  to  the  direction  of  incident  light  from 
the  pupil  (Wolff,  1976).  By  conventional  orientation,  the  retinal  vasculature  is  the  ’inner*  vascular 
bed  relative  to  the  choroidal  vasculature.  The  inner  two-thirds  of  the  retina  are  vascularized  by  the 
retinal  vessels.  The  outer  layers  of  the  retina  (approximately  130ji  thick  in  humans)  are  "avascular* 
(Moses  &  Hart,  1987).  One  of  the  main  functions  of  the  choroidal  vasculature  is  to  supply  nutrients 
to  the  OUTER  avascular  retinal  layers. 

The  complexity  of  the  circulation  of  the  eye  stems  from  the  unique  characteristic  of  a  need 

to  supply  the  intraocular  tissues  with  nutrients  without  interfere  with  vision  (Novack  &  Stefansson, 

/ 

1990).  The  retinal  circulation  which  emanates  from  the  optic  nerve  head  supplies  oxygen  and 
nutrients  to  the  inner  retina.  The  retinal  venous  blood  is  drained  by  the  central  retinal  vein  that 
leaves  the  eye  via  the  optic  nerve  and  eventually  drains  into  the  cavernous  sinus  (Leber,  1983). 
Direct  occlusion  of  retinal  arteries  in  pigs  has  demonstrated  that  they  are  end  arteries  without 
anastomoses  (Moses  &  Hart,  1987).  The  retinal  capillaries  in  humans  are  approximately  4-6pm  in 
diameter,  slightly  smaller  than  cerebral  capillaries.  (Bill,  1983).  It  is  proposed  that  the  outer 
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avascular  retinal  layers  obtain  their  nutrition  by  diffusion  from  the  choriocapillaris,  the  inner  most 
layer  of  the  choroid.  It  has  been  estimated  by  oxygen  microelectrode  studies  that  only  twenty  to 
forty  percent  of  the  oxygen  consumed  by  the  retina  is  delivered  by  the  retinal  blood  vessels;  the  rest 
(80  to  60%)  is  supplied  by  the  choroid  (Ernest,  1989a,b). 

The  choriocapillaris  is  a  dense,  single-layer  network  of  fenestrated  capillaries  with  a  lobular 
arrangement  and  few  anastomoses  (Hayreh,  1975).  It  is  separated  from  the  avascular  outer  retinal 
layers  by  Bruch’s  membrane  (2-4^m  thick)  and  the  retinal  pigment  epithelium  (10*im  thick).  The 
choriocapillaris  is  supplied  by  three  to  four  posterior  ciliary  arteries  that  branch  from  the  ophthalmic 
artery  and  traverse  the  white  fibrous  scleral  tunic  at  the  posterior  pole  of  the  orbit.  The  choroid  is 
drained  by  four  vortex  veins  in  each  quadrant  of  the  posterior  pole  of  the  eye.  The  uveal  capillaries 
are  of  larger  diameter  than  those  of  the  retina.  The  capillaries  of  the  choroid  are  of  smaller  diameter 
at  the  posterior  uveal  circulation  than  in  the  anterior  uveal  circulation  (Stjemschantz  et  al,  1976). 

Direct  choroidal  venous  blood  sampling  in  pigs  and  other  species  has  shown  an  arterio¬ 
venous  oxygen  content  difference  of  approximately  3%  (Tomquist  and  Aim,  1979).  The  high  oxygen 
tension  found  in  choroidal  venous  blood  suggests  that  the  choroid  functions  to  enhance  the 
diffusion  of  oxygen  to  the  outer  retinal  layers.  Some  investigators  have  ascribed  additional  functions 
to  the  choroid  besides  fulfilling  nutritional  requirements  to  the  outer  avascular  retina.  It  may  play 
a  role  in  the  stabilization  of  temperature  for  the  outer  retinal  layers  and  retinal  pigment  epithelium 
(RPE),  possibly  protecting  the  eye  from  thermal  damage  (Parver  et  al  1980;  Auker  et  al,  1982). 
Because  the  capillaries  of  the  choroid  are  fenestrated  and  have  a  relatively  high  protein  permeability 
the  exchange  of  the  retinol  complex,  which  is  required  by  photoreceptors,  is  facilitated  (Bill,  1983; 
Bok,  1990).  The  choroidal  vasculature  lacks  a  blood-brain  barrier  and  a  blood-retinal  barrier 
(Tomquist  et  al,  1990). 


3 


Control  of  Ocular  Blood  Row: 

The  retina  is  able  to  maintain  a  constant  level  of  metabolism  during  changes  in  perfusion 
pressure  by  altering  vascular  resistance  to  maintain  a  constancy  of  blood  flow.  This  phenomenon 
is  known  as  autoregulation  of  blood  flow  (Baytiss,  1902).  The  phenomenon  of  blood  flow 
autoregulation  appears  to  involve  the  interaction  of  intrinsic  myogenic  vessel  tone  and  the  opposing 
effects  of  endogenous  vasodilator  agents.  Both  myogenic  and  metabolic  mechanisms  seem  to 
contribute  to  the  adjustment  of  retinal  vascular  resistance  (Ernest,  1989a). 

The  mechanisms  operative  in  the  modulation  of  blood  flow  to  the  retina  and  choroid  are 
very  different.  The  retina,  which  is  embryologically  an  extension  of  the  central  nervous  system, 
demonstrates  a  similar  autoregulatory  capacity  to  that  of  other  brain  structures  by  maintaining  a 
constant  blood  flow  over  a  broad  range  of  perfusion  pressures  (Ernest,  1989b;  Aim  &  Bill,  1972a). 
The  retina  develops  from  the  walls  of  the  optic  cup,  which  is  an  outgrowth  of  the  forebrain  (Moore, 
1988).  There  are  several  comparisons  which  can  be  drawn  between  the  retinal  circulation  and  the 
cerebral  circulation.  The  capillaries  of  the  retina,  like  those  of  the  brain,  have  tight  junctions  in  the 
endothelial  cells  which  provide  a  blood-retinal  barrier  (Cunha-Vaz  et  al,  1966).  Studies  with 
microperoxidase  and  horseradish  peroxidase  have  shown  that  the  tight  junctions  of  the  retinal 
capillaries  are  a  comparable  counterpart  to  the  blood-brain  barrier  in  terms  of  permeability  to 
particular  substances  (Bill,  1975).  Both  the  retina  and  brain  have  transvascular  transport 
mechanisms  for  glucose,  amino  acids,  and  lactate.  In  pigs  net  glucose  extraction  determined  from 
retinal  venous  blood  is  approximately  12%,  which  is  comparable  to  extraction  by  the  brain  (Bill, 
1983).  The  response  of  the  eye  vasculature  to  C02  is  similar  to  that  of  the  cerebral  vessels;  both 
the  retina  and  uvea  circulations  respond  to  elevations  in  C02  by  vasodilation  (Aim  &  Bill,  1972b). 

Retinal  blood  flow  appears  to  be  controlled  similar  to  other  tissues  which  are  highly  dependent  on 
oxidative  metabolism.  Oxygen  extraction  from  the  retina  and  brain  vasculature  is  high  (30-50%) 
(Tornquist  and  Aim,  1979).  Despite  these  similarities  there  are  some  remarkable  contrasts  between 
the  ocular  and  cerebral  circulations.  The  nutritional  interrelationship  between  the  retina  and 
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choroidal  vascular  beds  is  unique  to  the  eye  and  has  no  counterpart  in  the  cerebral  circulation  (Bill, 
1983). 

Investigations  into  the  autoregulatory  capacity  of  the  choroidal  circulation  have  led  to 
controversial  findings.  Aim  &  Bill  (1973b)  reported  a  lack  of  autoregulatory  capacity  by  the 
choroidal  circulation  and  have  described  it  as  a  pressure  passive  vasculature.  Others  (Chemtob  et 
al,  1991;  Kiel  &  Shepherd,  1992)  have  reported  that  the  choroid  demonstrates  autoregulation.  The 
mechanism(s)  responsible  for  autoregulation  have  not  yet  been  clearly  elucidated.  It  has  been 
reported  that  metabolic  mechanisms  predominate.  Chemtob  et  al,  (1991)  utilizing  radioactive 
microspheres  to  measure  blood  flow  in  piglets  have  claimed  that  prostaglandins  play  a  major  role 
in  establishing  the  autoregulatory  capacity  of  the  choroidal  circulation.  Kiel  &  Shepherd  (1992)  have 
shown  that  choroidal  autoregulation  is  strongly  dependent  on  a  myogenic  mechanism.  The  choroid 
receives  more  blood  flow  per  gram  of  tissue  than  any  other  tissue  in  the  body  (Bill  &  Sperber,  1 990). 
This  high  flow  rate  is  not  due  to  metabolic  demands  of  the  tissue  and  it  is  unknown  what 
mechanism(s)  regulate  the  very  low  vascular  tone  of  the  choroidal  circulation. 

Blood  flow  regulation  in  the  choroid  is  believed  to  be  similar  to  blood  flow  regulation  in 
peripheral  tissues  (Ernest,  1989b).  The  role  of  vasoactive  nerves  in  modulating  the  uveal  circulation 
has  been  documented  by  histologic  and  physiologic  experiments  (Bill,  1983).  Parasympathetic 
innervation  is  via  the  oculomotor  (ciliary  ganglion),  facial,  and  ophthalmic  division  of  the  trigeminal 
nerve.  Sympathetic  nerves  from  the  superior  cervical  ganglion  innervate  the  uvea  (Aim  &  Bill, 
1973a).  Sympathetic  stimulation  causes  pronounced  vasoconstriction  and  reductions  of  uveal  blood 
flow,  while  minimally  affecting  retinal  blood  flow  (Bill  &  Sperber,  1990;  Moses  &  Hart,  1987;  Bill, 
1983).  It  has  been  reported  that  there  are  no  vasomotor  nerves  in  the  retina  (Bill,  1983).  Others 
(Toda  et  al,  1993)  have  demonstrated  that  the  pterygopalatine  ganglion  can  be  a  source  of 
vasodilator  nitroxidergic  nerves  in  the  canine  retinal  circulation.  The  uveal  circulation  has  abundant 
sympathetic  innervation  which  is  believed  to  provide  vasoconstriction  and  protection  from 
overperfusion  (Bill,  1983).  During  high  perfusion  pressures  extravasation  of  plasma  from  the 
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microcirculation  in  the  retina,  optic  nerve,  iris,  and  ciliary  process  occurs,  promoting  the  breakdown 
of  the  blood-aqueous  and  blood-retinal  barriers  (Bill  &  Sperber,  1990;  Moses  &  Hart,  1987;  Bill, 
1983).  A  similar  phenomenon  occurs  in  the  cerebral  circulation  with  regional  overperfusion. 
Although  the  control  mechanisms  in  the  uveal  circulation  appear  to  be  very  different  from  the  retinal 
circulation,  the  retina  is  dependent,  to  a  significant  degree,  on  the  choroidal  blood  flow  for  its 
metabolic  supply. 

Myogenic  Hypothesis: 

The  myogenic  hypothesis  of  blood  flow  regulation  states  that  the  vascular  smooth  muscle 
contracts  in  response  to  an  increase  in  vessel  wall  tension  and  relaxes  with  a  reduction  in  tension. 
Stimuli  for  the  myogenic  mechanism  of  autoregulation  are  variations  in  wall  tension,  not  blood  flow 
or  oxygen  delivery  (Folkow,  1964).  Raising  ocular  perfusion  pressure  increases  the  transmural 
pressure  of  the  vessel  and  by  passive  stretch  increases  the  radius,  resulting  in  an  increased  wall 
tension  as  expressed  by  the  Laplace  equation  (T=  aP  x  r).  The  law  of  LaPlace  states  that  vascular 
wall  tension  (T)  is  a  function  of  the  transmural  pressure  gradient  (aP)  and  the  vessel  radius  (r)  (Kiel 
&  Shepherd,  1992).  The  myogenic  hypothesis  states  that  myogenic  vasoconstriction  occurs  when 
the  transmural  pressure  gradient  across  the  vascular  wall  is  increased  by  increasing  arterial  pressure 
(Johnson,  1964).  Constriction  of  the  vessel  in  response  to  the  increased  tension  results  in  a 
reduction  of  its  diameter  so  that  the  product  of  pressure  (increased)  and  radius  (decreased)  is 
restored  to  the  control  level  (Johnson,  1964).  Therefore,  the  initial  increase  in  flow  produced  by  an 
increase  in  ocular  perfusion  pressure  which  distends  the  blood  vessel  is  followed  by  a  return  of 
blood  flow  to  the  initial  level  by  contraction  of  the  vascular  smooth  muscle. 

When  the  transmural  pressure  gradient  is  decreased  by  lowering  arterial  pressure,  the 
myogenic  hypothesis  predicts  vasodilation  and  a  decrease  in  vascular  resistance  (Johnson,  1964; 
Kiel  &  Shepherd,  1992).  If  the  perfusion  pressure  gradient  is  decreased  by  raising  venous  pressure 
the  transmural  pressure  gradient  is  increased  and  myogenic  vasoconstriction  occurs.  Therefore, 
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elevations  in  venous  pressure  will  produce  constriction  according  to  the  myogenic  hypothesis,  but 
vasodilation  according  to  the  metabolic  hypothesis. 

It  has  been  reported  (Bill,  1963)  that  pressure  in  the  vortex  veins,  which  drain  the  uveal 
circulation,  is  approximately  equal  to  the  intraocular  pressure.  In  the  eye,  It  has  been  shown  by 
direct  measurements,  that  the  venous  pressure  equals  the  intraocular  pressure  at  normal  and  high 
intraocular  pressures  (Bill  &  Sperber,  1990).  Therefore,  ocular  perfusion  pressure  is  considered  to 
be  mean  arterial  pressure  minus  intraocular  pressure  (MAP-IOP).  Ocular  perfusion  pressure  can 
be  varied  by  controlling  mean  arterial  pressure,  venous  pressure,  or  intraocular  pressure. 

Lemmingson  (1968)  investigated  the  myogenic  mechanism  in  the  regulation  of  ocular  blood 
flow  in  cats.  He  found  more  frequent  spontaneous  arteriolar  contractions  in  young  cats  than  in  the 
adult  animals.  These  findings  suggest  that  there  may  be  an  age-dependent  contribution  of  the 
myogenic  response  in  the  regulation  of  ocular  circulation. 

The  skepticism  surrounding  the  myogenic  hypothesis  is  that  for  flow  to  remain  constant 
following  an  increase  in  perfusion  pressure,  it  is  necessary  for  the  caliber  of  the  resistance  vessels 
to  be  less  than  it  was  prior  to  the  elevation  of  pressure.  Therefore,  the  negative  feedback  stimulus 
for  the  contractile  response  would  be  eliminated  (Folkow,  1964). 

Resistance  vessels  in  a  variety  of  tissues  have  shown  intermittent  contraction  and  relaxation. 
It  has  been  proposed  that  an  increase  in  the  frequency  of  contractility  occurs  with  elevations  of 
perfusion  pressure  (Lemmingson,  1968).  This  mechanism  suggests  that  the  resistance  vessels 
spend  more  time  in  the  contracted  state  than  in  the  relaxed  state  during  elevations  in  perfusion 
pressure.  The  mechanism  of  intermittent  contractility  to  explain  autoregulation  of  blood  flow,  as 
opposed  to  a  sustained  contractile  state  of  the  vascular  smooth  muscle,  is  appealing.  This 
mechanism  does  not  require  that  the  caliber  of  the  resistance  vessel  be  less  than  it  was  prior  to  the 
initial  perturbation,  thereby  maintaining  the  feedback  stimulus  for  the  contractile  response. 
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Metabolic  Hypothesis: 

The  metabolic  hypothesis  of  blood  flow  regulation  states  that  blood  flow  is  governed  by  the 
metabolic  activity  of  the  tissue.  An  inadequate  02  supply  to  meet  tissue  metabolic  demands  gives 
rise  to  the  formation  and  accumulation  of  vasodilator  metabolites,  which  act  locally  to  cause 
relaxation  of  the  vascular  smooth  muscle  (Gaskell,  1877). 

It  has  been  shown  that  retinal  arteries  and  veins  constrict  when  the  arterial  blood  oxygen 
tension  (P02)  is  increased  and  dilate  when  it  is  decreased  (Ernest,  1989a).  However,  direct 
measurements  at  resistance  vessels  in  a  number  of  vascular  beds  indicate  that  over  a  broad  range 
of  P02  there  is  little  correlation  between  oxygen  tension  and  arteriolar  diameter  (Duling,  1974). 
Although  tissue  P02  is  one  of  the  most  commonly  attributed  controlling  factors  in  the  metabolic 
hypothesis  it  is  clearly  not  the  only  regulatory  factor  (Johnson,  1964).  The  phenomenon  of  reactive 
hyperemia  refutes  a  direct  role  of  P02  in  regulating  vascular  smooth  muscle  tension.  There  is  a 
strong  positive  correlation  between  the  duration  of  arterial  occlusion  and  the  duration  of  the 
hyperemia  following  the  occlusion.  However,  it  has  been  shown  that  venous  blood  is  well 
oxygenated  within  seconds  following  a  short  or  prolonged  arterial  occlusion.  The  arterial  vascular 
smooth  muscle  must  be  exposed  to  a  high  P02  in  such  instances  (Duling,  1974).  These 
observations  are  more  consistent  with  the  release  of  a  vasoactive  metabolite  from  the  tissues  rather 
than  a  direct  effect  of  P02  on  the  vascular  smooth  muscle. 

A  surplus  of  oxygen  can  be  delivered  to  the  tissues  when  either  a  decreased  metabolic 
activity  or  increased  perfusion  pressure  exists.  During  an  increased  02  supply/demand  ratio  the 
tissue  concentration  of  the  vasodilator  metabolite  falls.  A  decrease  in  metabolism  or  an  increase 
in  the  washout  (or  inactivation)  of  the  metabolite  elicits  an  increase  in  vascular  resistance.  The 
metabolic  hypothesis  is  attractive  because  it  closely  couples  blood  flow  to  tissue  metabolic  activity 
(Beme,  1964). 

Many  substances  have  been  proposed  as  mediators  of  metabolic  vasodilation.  Several 
vasoactive  metabolites  can  be  involved  in  any  particular  vascular  bed  and  different  metabolites 
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predominate  in  the  various  tissues.  Some  commonly  cited  mediators  of  metabolic  vasodilation  have 
been:  lactic  acid,  C02,  hydrogen  ions,  potassium  ions,  inorganic  phosphate,  interstitial  fluid 
osmolarity,  catecholamines,  histamine,  acetylcholine,  serotonin,  angiotensin,  adenosine, 
prostaglandins  and  endothelium  derived  relaxing  factor  (EDRF)  (Berne,  1964;  Furchgott  &  Zawadzkl, 
1980).  Some  of  these  vasodilator  agents  produce  only  transient  increases  in  blood  flow  and  the 
decrease  in  vascular  resistance  induced  by  pharmacological  concentrations  of  these  dilator  agents 
fails  to  induce  the  degree  of  dilation  observed  under  physiological  conditions  (Berne,  1964). 

NITRIC  OXIDE  (NO) 

Properties  of  Nitric  Oxide  : 

The  simple  nitrogen  derivative  molecule  nitric  oxide  (NO)  has  recently  emerged  among  the 
leading  vasoactive  substances  regulating  vascular  smooth  muscle  tone.  The  endothelium  has  been 
shown  to  be  a  metabolically  active  mediator  of  vascular  smooth  muscle  tone  (Vanhoutte,  1988). 
The  endothelium  posses  the  necessary  metabolic  pathways  for  the  formation  of  NO,  which  is  a 
potent  relaxant  of  vascular  smooth  muscle.  The  findings  that  the  endothelium  is  a  modulator  of 
arterial  tone  was  first  demonstrated  in  1980  by  Robert  F.  Furchgott  and  J.V.  Zawadski  using 
isolated  blood  vessel  preparations.  They  demonstrated  that  the  presence  of  the  endothelium  was 
required  for  relaxation  of  the  vascular  smooth  muscle  by  vasoactive  agents  (Figure  1).  Furchgott 
determined  that  the  vasodilator  mechanism  was  triggered  by  the  endothelial  cells  and  coined  the 
term  “endothelium-derived  relaxing  factor*  (EDRF).  In  1986,  Furchgott  and  Ignarro  independently 
characterized  EDRF  as  nitric  oxide  (Palmer  et  al,  1987).  Numerous  studies  have  substantiated  their 
findings  (Ignarro  et  al,  1981  &  1988a, b;  Palmer  et  al,  1987;  Shikano  et  al,  1988).  However,  more 
recent  findings  suggest  the  likelihood  of  more  than  one  relaxing  factor  (Munakata  et  al,  1990; 
Rosenblum,  1992). 

Nitric  oxide  is  small  and  electrically  neutral  and  diffuses  freely  through  biological  membranes 
(Lancaster,  1992).  An  inorganic  gas,  nitric  oxide  has  an  ephemeral  half-life  of  about  ten  to  thirty 
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seconds  (in  oxygenated  medium  at  physiological  pH)  before  it  is  converted  by  oxygen  and  water 
to  either  of  two  unreactive  anions,  nitrates  (N03')  and  nitrites  (N02‘).  These  reactions  (2N0  +  02  - 
->  2N02  and  2N02  +  H20  ->  N02'  +  N03'  +  2H+)  appears  to  be  the  principal  metabolic  pathway 
for  inactivation  of  nitric  oxide  by  cells  (Lancaster,  1992).  Because  of  the  strong  predilection  of  NO 
to  react  with  molecular  oxygen  (02),  cells  do  not  require  an  enzymatic  mechanism  for  the  removal 
of  NO.  It  is  possible  that  reversible  reactions  with  thiols  to  form  S-Nitroso  compounds  contribute 
to  the  removal  of  NO  (Knowles  &  Moncada,  1992).  Nitric  oxide  is  a  paramagnetic  molecule  (free- 
radical  structure  with  15  electrons)  that  is  highly  labile.  The  unpaired  electron  of  nitric  oxide  makes 
it  extremely  reactive  with  other  paramagnetic  molecules,  such  as  superoxide  (02‘)  and  various 
metal-bearing  proteins.  The  reactions  with  molecular  oxygen  and  metalloproteins  dominate  the 
molecular  mechanism  of  action  of  nitric  oxide  (Lancaster,  1992). 
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Figure  1:  Schematic  diagram  of  the  endothelium  as  a  metabolically  active  mediator  of  vascular 
smooth  muscle  tone.  NO  mediates  the  vasoactive  actions  of  acetylcholine  (Ach)  and  bradykinin  in 
vascular  smooth  muscle.  The  binding  of  Ach  and  Bradykinin  to  cell  surface  receptors  promotes  an 
influx  of  Ca2+  into  the  endothelium  which  activates  NOS  and  promotes  the  conversion  of  L-arginine 
(L-ARG)  to  NO.  NO  diffuses  freely  to  activate  the  soluble  guanylate  cyclase  (sGC)  and  promote  the 
conversion  of  GTP  to  cGMP  which  leads  to  relaxation  of  the  vascular  smooth  muscle  cell.  Physical 
stimuli  such  as  shear  stress,  and  pulsatile  stretching  of  the  vessel  wall  stimulates  NO  release, 
possibly  mediated  with  an  increase  in  Ca2+  influx  or  a  flow-sensitive  K+  channel.  The  role  of  02 
tension  in  influencing  NOS  activity  is  less  clear.  Hypoxia  may  inhibit  NOS  activity  through  depletion 
of  oxygen  (a  necessary  substrate)  or  hypoxia  may  stimulate  NOS  activity  due  to  an  increase  in 
cellular  Ca2+  at  a  low  P02. 
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Nitric  oxide  vigorous  reactions  with  oxyhemoglobin,  deoxyhemoglobin,  and  superoxide  (02*)  rapidly 
convert  NO  to  nitrate  (N03‘)  (Knowles  &  Moncada,  1992): 

NO  +  02Hb  ->  NO3  +  Hb+ 

NO  +  Hb ->  NOHb 
NO  +  02‘  ->  ONOO'  ~>  NOg' 

Once  NO  diffuses  into  the  lumen  of  the  blood  vessel  it  is  quickly  inactivated  by  the  above  reactions 
due  to  the  high  concentration  of  hemoglobin  (heme)  which  binds  directly  to  NO.  Nitric  Oxide  is 
stabilized  by  the  free  radical  scavenger  superoxide  dismutase  (SOD),  suggesting  that  oxygen  free 
radicals  contribute  to  the  inactivation  of  nitric  oxide  (Fantone  and  Ward,  1985).  Superoxide 
dismutase  is  present  in  eukaryotic  and  prokaryotic  cells  and  is  capable  of  dismutating  two 
molecules  of  02‘  to  form  hydrogen  peroxide  and  oxygen.  The  effects  of  NO  are  blocked  by 
methylene  blue  an  inhibitor  of  guanylate  cyclase  (Fantone  and  Ward,  1985).  Others  have  reported 
that  the  mechanism  by  which  methylene  blue  blocks  endothelium  dependent  vasodilation  is  by  the 
generation  of  superoxide  (oxygen  radical).  Hydrogen  peroxide  is  subsequently  produced  by 
spontaneous  dismutation  of  superoxide.  The  superoxide  in  combination  with  hydrogen  peroxide 
produce  a  hydroxyl  radical  by  the  iron-catalyzed  Haber-Weiss  reaction:  02‘  +  H202  ->  02  +  HO' 
+  HO* .  The  hydroxyl  radical  inhibits  vasodilation  by  oxidation  of  nitric  oxide  (Marshall  et  al,  1988). 

Synthesis  of  Nitric  Oxide: 

Nitric  oxide  is  synthesized  from  the  amino  acid  L-arginine  by  the  cytosolic  enzyme  nitric 
oxide  synthase  (NOS).  The  reaction  requires  one  of  two  terminal  guanidino  nitrogens  from  L- 
arginine  and  the  oxygen  from  molecular  oxygen  to  synthesize  nitric  oxide  (Rees  et  al,  1990).  The 
reaction  also  requires  the  electron  donor  nicotinamide  adenine  dinucleotide  phosphate  (NADPH) 
and  the  cofactor  tetrahydrobiopterin  (H4BPT).  All  NOS  contain  FMN,  FAD,  non-heme  Fe2+,  as 
prosthetic  groups  in  each  subunit  (Forstermann  et  al,  1991;  Mayer  et  al,  1991).  These  prosthetic 
groups  are  believed  to  be  involved  with  the  oxidation  of  L-arginine.  The  removal  of  nitrogen  from 
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L-arginine  during  the  reaction  forms  the  amino  acid  co-product  L-citrulline  (Figure  2)  (Lancaster, 
1 992).  The  correlation  between  NO  and  L-citrulline  formation  in  terms  of  their  time  course,  substrate 
requirements,  and  inhibitor  sensitivity  demonstrate  that  they  are  coproducts  of  the  same  reaction 
(Knowles  et  al,  1989).  The  mechanism  of  the  reaction  by  which  L-arginine  is  oxidized  to  citrulline 
and  nitric  oxide  has  not  been  clearly  elucidated.  The  formation  of  NG-hydroxy-arginine  is  an 
intermediate  in  the  reaction  (Leone  et  al,  1991;  Stuehr  et  al,  1991).  Several  mechanisms  have  been 
proposed  depending  on  cell  type.  For  the  macrophage  lineage  it  has  been  suggested  that  L- 
arginine  undergoes  a  deamination  reaction  followed  by  oxidation  of  NH3  to  nitric  oxide  (Knowles 
et  al,  1989).  The  proposed  mechanism  for  the  vascular  endothelial  cells  is  a  monooxygenation 
reaction  followed  by  the  formation  of  NO  and  L-citrulline  by  hydrolysis  (Knowles  et  al,  1989). 

Nitric  Oxide  Synthases: 

Findings  suggest  that  at  least  three  distinct  isoenzymes  of  nitric  oxide  synthase  exist.  Each 
synthase  consists  of  two  125-160kDa  subunits  which  form  a  homodimer  (Forstermann  et  al,  1991). 
NOS  is  an  oxidative  enzyme  which  utilizes  molecular  oxygen  to  hydroxylate  substrates  and  to 
facilitate  the  five-electron  transfer  during  catalysis  (Bredt  et  al,  1992;  Knowles  &  Moncada,  1992). 
The  immune  system  has  an  inducible  form  of  nitric  oxide  synthase  (iNOS)  which  functions 
independently  of  calcium  concentration.  In  the  immune  system  NO  has  both  tumoricidal  and 
bactericidal  properties  (Bredt  et  al,  1992).  The  two  forms  of  nitric  oxide  synthase;  inducible  (the 
cells  make  the  enzyme  only  when  it  receives  a  specific  molecular  signal)  and  constitutive  (the 
enzyme  is  present  at  all  times)  are  differentially  inhibited  by  analogues  of  L-arginine. 

Nitric  oxide  synthases  found  in  the  central  nervous  system  (nNOS)  and  in  the  vascular 
endothelium  (ceNOS)  are  constitutive  enzymes.  Endothelium-dependent  NOS  is  smaller  than  nNOS 
and  is  usually  associated  with  the  cytosolic  surface  of  the  endothelial  cell  membrane.  The  catalytic 
activity  of  NOS  is  regulated  at  several  sites.  Both  enzymes  are  activated  by  the  binding  of 
calmodulin  which  in  turn  is  activated  by  an  influx  of  Ca2+  into  the  cell  (Knowles  et  al,  1989  &  1992). 
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Figure  2:  Diagram  of  the  L-arginine  (L-ARG)/Nitric  Oxide  (NO)  pathway  showing  the  mechanism 
for  the  stimulation  of  the  soluble  guanylate  cyclase  (sGC).  NO  is  synthesized  from  L-ARG  by  the 
enzyme  NOS.  The  reaction  requires  nitrogen  from  L-ARG,  02,  NADPH  and  H4BPT.  All  NOS  contain 
FMN,  FAD,  non-heme  Fe2+,  as  prosthetic  groups  in  each  125-160  kDa  subunit  for  oxidizing  L-ARG. 
Nitrogen  from  L-ARG  forms  the  co-product  L-citrulline.  L-NAME  is  an  enantiomerically  specific 
inhibitor  of  NOS.  Three  isoenzymes  of  NOS  exist  (ceNOS,  nNOS,  iNOS).  NOS  is  activated  by 
binding  to  calmodulin  as  a  result  of  Ca2+  influx  into  the  cell.  nNOS  is  phosphorylated  at  serine  sites 
by  cAMP  dependent  PKA,  PKC.  NO  reactions  with  02‘  converts  NO  to  inactive  N02'  and  N03'. 
Synthesis  of  c-GMP  from  GTP  is  catalyzed  by  GO  receptors.  These  receptors  can  exist  as  a 
heterodimer  linked  by  intermolecular  S-S  bonds  and  a  heme  prosthetic  group.  NO  acts  by  binding 
to  the  iron  in  the  heme  moiety  of  the  GC,  inducing  a  conformational  change  which  activates  the  GO 
and  promotes  synthesis  of  cGMP.  It  is  speculated  that  protein  phosphorylation  of  myosin  light 
chain  kinase  (MLCK)  leads  to  vascular  smooth  muscle  relaxation. 
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Cytosolic  calcium  concentrations  regulate  the  activity  of  ceNOS.  A  five-fold  Increase  in  intracellular 
calcium  concentration  will  increase  the  rate  of  ceNOS  synthesis  nearly  one-hundred  fold  (Knowles 
&  Moncada,  1992).  Purified  brain  nitric  oxide  synthase  is  phosphorylated  at  selective  serine  sites 
by  a  cAMP  dependent  protein  kinase  (PKA),  Protein  kinase  C,  and  calcium/calmodulin-dependent 
protein  kinase  enzyme  (Bredt  et  al.  1992).  Both  ceNOS  and  nNOS  have  a  c-AMP-dependent  protein 
kinase  phosphorylation  site.  Phosphorylation  of  nNOS  by  PKA  has  not  been  shown  to  affect 
catalytic  activity.  The  effect  of  phosphorylation  of  ceNOS  by  PKA  is  not  clear  but  It  may  decrease 
the  catalytic  activity  of  the  enzyme  (Bredt  et  al,  1992). 

Mode  of  Action  of  Nitric  Oxide: 

It  has  been  suggested  that  the  L-arginine/nitric  oxide  pathway  in  the  central  nervous 
system,  endothelial  cells,  and  phagocytic  cells  functions  as  a  widespread  transduction  mechanism 
for  the  stimulation  of  the  soluble  guanylate  cyclase  (Knowles  et  al,  1989).  The  synthesis  of  cyclic 
guanosine  monophosphate  (cGMP)  from  GTP  is  catalyzed  by  a  group  of  cell  surface  and 
cytoplasmic  receptors  known  as  guanylyl  cyclases  (GC).  A  major  group  of  guanylate  cyclases 
exists  as  a  heterodimer  with  two  distinct  subunits  linked  by  intermolecular  disulfide  bonds  and  a 
heme  prosthetic  group.  Nitric  oxide  diffuses  into  target  cells  and  acts  by  binding  to  iron  in  the 
heme  moiety  of  the  enzyme  guanylate  cyclase  (GC).  The  binding  of  NO  to  the  iron  containing  heme 
group  of  the  GC  enzyme  induces  a  conformational  change  which  activates  the  enzyme  and 
promotes  the  synthesizes  of  cyclic  guanosine  monophosphate  (cGMP)  (Wong  &  Garbes,  1992). 

The  mechanism  by  which  increased  cGMP  levels  in  vascular  smooth  muscle  cells  leads  to 
relaxation  is  not  clearly  elucidated.  It  has  been  observed  that  protein  phosphorylation  patterns  in 
vascular  smooth  muscle  are  similar  to  those  seen  with  nitroprusside  treatment  and  after 
acetylcholine  mediated  relaxation  (Ignarro  et  al,  1981).  It  has  been  proposed  that  altered  protein 
phosphorylation  of  the  myosin  light  chain  kinase  or  myosin  light  chain,  leads  to  relaxation  of  the 
vascular  smooth  muscle  (Rapoport  et  al,  1983;  Vanhoutte,  1988). 
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The  common  mechanism  leading  to  vascular  smooth  muscle  contraction  is  a  transient  rise 
in  intracellular  Ca2+  (Berk  &  Alexander,  1989).  A  rise  in  intracellular  Ca2+  results  In  formation  of 
Ca2+ -Calmodulin  complexes  which  bind  and  activate  myosin  light  chain  kinase  (MLCK).  The 
activated  MLCK  phosphorylates  myosin  light  chains  which  catalyze  actomyosin  ATPase  activity 
resulting  in  actin-myosin  interactions  leading  to  cross-bridge  formation  and  subsequent  contraction 
(Adelstein  &  Conti,  1975;  Berk  &  Alexander,  1989).  Dephosphorylation  is  assumed  to  be 
unregulated. 

Other  possible  regulatory  mechanisms  have  been  implicated.  The  phosphorylation  theory 
has  extensive  experimental  support,  but  it  is  clearly  insufficient  to  explain  the  mechanism  of  the 
contractile  process  and  the  means  by  which  NO  exerts  its  physiological  effects.  Phosphorylation 
of  CaM-Kinase  II  may  play  a  role  in  desensitization  of  the  vascular  smooth  muscle  contractile  system 
and  may  be  a  mechanism  by  which  NO  exerts  Its  effects  (Hartshorne  &  Kawamura,  1992).  It  is  also 
possible  that  a  receptor-linked  mechanism  influences  the  kinase-phosphatase  balance.  Alterations 
in  the  phosphorylation  balance  could  then  be  responsible  in  modulating  Ca2+  sensitivity  (Hartshorne 
&  Kawamura,  1992).  Thin-filament-linked  regulatory  proteins  such  as  caldesmon  and  calponin 
maybe  involved  in  some  aspect  of  regulation  (Hartshorne  &  Kawamura,  1992).  These  proteins 
inhibit  the  actin-activated  ATPase  activity  of  phosphorylated  myosin.  When  these  proteins  are 
phosphorylated  they  fail  to  bind  and  cannot  exert  their  inhibitory  effects  (Winder  &  Walsh,  1990). 

The  full  mechanism  by  which  the  cyclic  nucleotides,  such  as  cGMP,  produce  smooth 
muscle  relaxation  is  not  clearly  elucidated.  It  has  been  proposed  that  intracellular  accumulation  of 
cGMP  leads  to  a  reduction  in  intracellular  Ca2+  causing  myosin  dephosphorylation  leading  to 
vascular  smooth  muscle  relaxation  (Lincoln  et  al,  1990).  Nitric  oxide  could  induce  vascular 
relaxation  by  other  cyclic  nucleotide-independent  mechanisms,  including  hyperpolarization  and 
activation  of  K+  channels  (Said,  1992). 
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Blockers  of  Nitric  Oxide  Synthases: 

Analogues  of  L-arginine  that  are  substituted  at  the  quanidino  nitrogens  are  competitive 
inhibitors  of  nitric  oxide  synthase  in  a  dose-dependent  and  enantiomerically  specific  manner  (Rees 
et  al,  1990).  Arginine  analogues  prevent  the  formation  of  new  NO.  and  temporarily  block  any 
process  dependent  on  nitric  oxide  production.  NG-Nitro-L-arginine  methyl  ester  (L-NAME),  NG- 
monomethyl-L-arginine  (L-NMMA),  and  N-imino  ethyi-L-omithine  (L-NIO)  have  been  shown  to  cause 
concentration  dependent  inhibition  of  the  Ca2+  dependent  nitric  oxide  synthase  (Rees  et  al,  1990). 
In  isolated  rat  aortic  rings  the  L-arginine  analogues  inhibited  Acetylcholine  and  bradykinin  induced 
relaxation  in  vitro,  and  hypotension  in  vivo.  The  L-enantiomers  of  the  inhibitors  caused  a  dose 
dependent  increase  in  mean  arterial  blood  pressure.  L-NAME  caused  the  least  increase  in  mean 
blood  pressure,  approximately  13%  less,  when  compared  to  the  same  dose  range  of  the  other  two 
blockers  (Rees  et  al,  1990).  The  competitive  blockade  of  NOS  by  L-arginine  analogues  is  sensitive 
to  reversibility  with  L-arginine  but  not  its  inert  enantiomer  D-arginine. 

Role  of  Nitric  Oxide  in  the  Vasculature: 

Endothelial  denudation  of  cerebral  and  renal  arteries  have  shown  that  the  endothelium  plays 
a  role  in  autoregulation  possibly  by  abolishing  the  constrictor  response  elicited  by  increasing 
pressure  (Ueeda  et  al,  1992).  Others  (Griffith  &  Edwards,  1990)  have  shown  that  myogenic 
autoregulation  of  flow  may  be  inversely  related  to  endothelium-derived  relaxing  factor  activity  in  the 
isolated  rabbit  ear. 

Studies  in  guinea  pigs  using  an  electromagnetic  flow  probe  and  a  Langendorff  heart 
preparation  have  shown  that  the  coronary  endothelium  modulates  autoregulation  by  the  production 
of  NO.  The  administration  of  (NG-nitro-L-arginine  (L-NNA)  enhanced  autoregulatory  capacity  at  the 
high  end  of  the  autoregulatory  plateau  in  response  to  changes  In  perfusion  pressure  (Ueeda  et  al, 
1992). 

The  role  of  NO  in  autoregulation  of  the  renal  vasculature  has  been  examined  in  dogs  (Majid 
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&  Navar,  1992).  An  Electromagnetic  flow  probe  was  placed  around  the  renal  artery  and  blood  flow 
monitored  during  intrarenal  infusion  of  nitro  L-arginine  (NLA).  It  was  concluded  from  this  study  that 
NO  contributes  to  the  basal  tone  of  the  renal  vasculature  but  did  not  significantly  influence  the 
autoregulatory  response  to  changes  in  arterial  pressure. 

Role  of  Nitric  Oxide  in  the  Central  Nervous  System: 

The  involvement  of  NO  in  the  central  nervous  system  has  been  implicated  in  at  least  four 
radically  different  roles.  The  binding  of  the  excitatory  amino  acid  neurotransmitter  glutamate  to  the 
post  synaptic  N-methyl-D-aspartate  (NMDA)  receptor  triggers  an  influx  of  Ca2+  which  activates 
calmodulin-dependent  NOS  enzyme  leading  to  increases  in  NO  and  cGMP  levels  in  target  cells 
(Bredt  &  Snyder,  1989;  Garthwaite,  1991).  It  has  also  been  shown  that  L-NMMA  prevents  NO 
mediated  neurotoxicity  by  NMDA  activation  of  excitatory  amino  acids  in  primary  cortical  cultures 
(Farad  &  Breese,  1993;  Dawson  et  al,  1991).  Nitric  oxide  is  involved  in  refinement  of  axonal 
projections  in  the  nervous  system  (synaptic  plasticity)  induding  long-term  depression  in  the 
cerebellum  (Purkinje  cells)  and  long-term  potentiation  in  the  hippocampus  (Shibuki  &  Okada,  1991). 
Nitric  oxide  has  also  been  shown  to  be  released  in  neurotransmission  of  autonomic  non-adrenergic, 
non-cholinergic  (NANC)  nerves  in  the  peripheral  nervous  system  (Martin  &  Gillespi,  1990;  Bush  et 
al,  1993).  NADPH-diaphorase  staining  neurons  have  been  shown  to  be  nitric  oxide  synthase 
containing  neurons  which  are  resistant  to  hypoxia  and  anoxic  damage  (Hope  et  al,  1991).  These 
subpopulations  of  cells  have  been  found  to  exist  in  the  inner  nuclear  layer  of  the  retina  with  a 
specific  and  consistent  distribution  in  a  wide  variety  of  mammals  (Sandell,  1985).  The  functional 
significance  of  these  cell  types  in  the  retina  has  yet  to  be  specified. 

Nitric  oxide  has  also  been  implicated  in  contrd  of  regional  cerebral  blood  flow.  Farad  and 
Heistad  (1991)  investigated  endothelium-dependent  mechanism(s)  on  cerebrovascular  smooth 
muscle  relaxation  in-vivo.  The  response  of  the  cerebral  microcirculation  to  various  vasoactive 
agents  has  been  documented  in-vivo  by  the  use  of  a  cranial  window  (Marshall  et  al,  1988).  Using 


20 


this  technique  in  cats  it  has  been  shown  (Marshall  et  al,  1988)  that  topical  administration  of 
methylene  blue  inhibited  Ach-induced  cerebral  arteriolar  dilation,  suggesting  that  the  vasodilation 
of  cerebral  arterioles  to  Ach  is  dependent  on  the  formation  of  NO. 

Another  in-vivo  study  in  rats  (Farad,  1 990)  using  a  cranial  window  was  the  first  to  report  that 
topical  application  of  NG-monomethyl-L-arginine  (L-NMMA)  constricted  the  basilar  artery. 
Furthermore,  L-NMMA  abolished  the  dilatory  response  of  the  basilar  artery  to  Ach.  Taken  together 
these  findings  suggest  that  the  formation  of  NO  plays  a  role  in  the  resting  tone  of  the  basilar  artery, 
which  is  a  resistance  vessel  of  the  cerebral  circulation,  and  that  the  response  of  this  vessel  to  Ach 
is  mediated  via  an  NO  pathway  (Farad  &  Heistad,  1991). 

Increases  in  C02  are  known  to  cause  marked  increases  in  cerebral,  retinal  and  uveal  blood 
flow  (Deutsch  et  al,  1983).  It  has  recently  been  shown  that  the  cerebrovasodilation  elicited  by 
hypercapnia  (PC02  =  55-61  mmHg)  is  mediated  by  NO  (ladecola,  1992).  Studies  in  rats,  using 
both  laser-Doppler  probes  and  14C  iodoantipyrine  to  measure  blood  flow  thru  a  cranial  window, 
have  shown  that  topical  superfusion  of  NG-nitro-L-arginine  (L-NA)  to  the  sensory  cortex  decreases 
hypercapnic  cerebrovasodilation  by  93±6%  and  87±6%,  respectively  (ladecola,  1992).  Studies 
using  radiolabelled  microspheres  in  rats  have  shown  that  an  Infusion  of  L-NAME  attenuated  the 
hyperemic  response  to  cerebral  hypercapnia  (PC02  =  70-80  mmHg)  by  greater  than  60%  (Pelligrino 
et  al,  1992).  Administration  of  L-NAME  alone  resulted  in  a  30-50%  reduction  in  regional  cerebral 
blood  flow.  It  appears  that  the  cerebrovasodilatory  effects  of  NO  are  independent  of  local  metabolic 
activity.  Utilizing  2-deoxyglucose  it  was  determined  that  NOS-inhibition  does  not  alter  cerebral 
glucose  utilization  (Pelligrino  et  al,  1992). 
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Role  of  Nitric  Oxide  in  the  Ocular  Circulation: 

Previous  studies  investigating  the  role  of  NO  in  the  ocular  circulation  have  mostly  been  in- 
vitro  studies  in  large  ophthalmic  vessels.  To  date  few  in-vivo  studies  have  been  conducted.  No 
studies  have  investigated  the  role  of  NO  in  the  ocular  microcirculation  using  radiolabelled 
microspheres  with  simultaneous  measurement  of  blood  flow  to  the  retina,  choroid  and  anterior  uvea. 
The  current  literature  reveals  little  regarding  the  role  of  NO  In  the  ocular  circulation.  The 
contribution  of  NO  to  the  autoregulatory  capacity  of  the  retinal  vasculature  in-vivo  and  the  role  of 
nitric  oxide  in  maintaining  the  low  basal  tone  of  the  uveal  circulation  has  not  been  fully  investigated. 

Horio  &  Murad  (1991)  solubilized,  isolated  and  characterized  guanylate  cyclase  (GC)  In 
bovine  rod  outer  segments.  Immunoreactivity  of  monoclonal  antibodies  against  the  soluble  GC 
failed  to  recognize  the  retinal  GC.  This  suggests  that  retinal  GC  is  a  particular  isoform,  possibly  an 
axoneme  associated  protein,  of  the  soluble  GC  which  is  activated  by  NO.  They  were  able  to 
activate  retinal  GC  with  NO,  suggesting  the  presence  of  a  heme-prosthetic  group  similar  to  the 
soluble  isoform  of  GC. 

Yao  et  al  (1991)  investigated  the  role  of  the  endothelium  in  the  regulation  of  vascular  tone 
using  isolated  porcine  ophthalmic  arterial  rings  suspended  in  a  myograph  system  to  measure  the 
isometric-tension  changes.  In  arterial  rings  with  intact  endothelium  the  inhibitor  of  nitric  oxide  NG- 
monomethyl-L-arginine  (L-NMMA)  evoked  concentration  dependent  contractions  (52%  of  the 
increase  in  tension  induced  with  20mM  KCL)  which  were  reversible  with  L-arginine  but  not  D- 
arginine.  Contractions  were  abolished  by  removal  of  the  endothelium  with  saponin  (200  jiM/ml). 
Furthermore,  L-NMMA  treatment  inhibited  acetylcholine  and  bradykinin  induced  relaxations.  These 
in-vitro  findings  demonstrate  that  the  endothelium  affects  the  vascular  tone  of  the  porcine 
ophthalmic  arteries  under  basal  conditions,  and  after  stimulation  with  acetylcholine  and  bradykinin. 
It  is  proposed  that  acetylcholine  and  bradykinin  receptors  in  the  endothelium  stimulate  the 
production  of  NO  by  promoting  calcium  entry  into  the  endothelial  cell  which  in  turn  stimulates 
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ceNOS  (Knowles  &  Moncada,  1992).  The  potency  of  the  endothelium  regulatory  mechanisms  In 
the  porcine  ophthalmic  artery  suggest  that  these  mechanisms  mediated  by  NO  may  play  an 
important  physiologic  role  in  the  regulation  of  blood  flow  to  the  eye. 

Venturini  et  al  (1991)  found  NOS  is  present  in  whole  bovine  retina  homogenates  and  in  rod 
outer  segments.  They  concluded  that  NOS  activity  which  was  measured  spectrophotometrically  is 
dependent  on  Ca2+  and  NADPH.  The  activity  of  NOS  could  be  inhibited  by  L-NMMA  but  not  D- 
NMMA  and  activity  was  restored  with  exogenous  L-arginine.  Nitric  oxide  synthase  (NOS)  has  been 
immunohistochemically  localized  in  whole  bovine  retina  homogenate,  in  isolated  outer  segments  of 
rod  photoreceptors,  in  the  autonomic  nerve  fibers  of  the  choroid,  and  in  the  retinal  pigment 
epithelium  (Bredt  et  al,  1990). 

Studies  by  Haefliger,  et  al  (1992)  using  human  ophthalmic  arterial  rings  obtained  5-10  hours 
post-mortem  and  placed  In  a  similar  myograph  system  to  that  of  Yao  found  NO  formation  in 
response  to  acetylcholine  and  bradykinin.  The  responses  were  significantly  reduced  by  NG-nitro-L- 
arginine  (L-NNA).  Furthermore,  relaxations  of  the  human  ophthalmic  artery  in  response  to  histamine 
were  inhibited  by  L-NNA.  The  receptor  involved  in  NO  release  evoked  by  histamine  must  be  of  the 
H,  histaminergic  subtype  since  H2  histaminergic  receptors  were  shown  to  induce  direct,  nitric  oxide 
independent  relaxation  preventable  by  blockade  with  cimetidine.  These  myograph  studies 
concluded  that  the  human  ophthalmic  artery  exhibits  a  basal  release  of  nitric  oxide  and  is  in  a  state 
of  constant  vasodilation  resulting  from  the  production  of  nitric  oxide.  These  in-vitro  findings  suggest 
that  NO  plays  an  important  physiologic  role  in  the  regulation  of  ocular  blood  flow. 

It  seems  feasible  that  the  L-arginine:NO  pathway  in  the  eye  may  function  in 
phototransduction  by  direct  stimulation  of  the  particulate  isoform  of  guanylate  cyclase  or  serve  a 
function  in  the  regulation  of  blood  flow  (Horio  &  Murad,  1991).  Nitric  oxide  is  an  endogenous 
activator  of  soluble  guanylyl  cyclase  and  participates  in  signal  transduction  during  vasodilation  and 
neurotransmission 

Veriac  et  al  (1993)  investigated  the  role  of  NO  and  oxygen  free  radicals  in  the  rabbit  retina 
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under  high  intraocular  pressure  (100  mmHg).  They  related  hypoxic  changes  to  the  retina  with 
electroretinogram  (ERG)  extinction.  They  report  that  hypoxic  changes,  as  determined  by  ERG,  were 
prevented  by  pre-treatment  of  intravitreal  administration  of  sodium  nitroprusside,  a  nitric  oxide 
donor.  Hypoxic  changes  were  also  prevented  by  intravenous  pre-treatment  with  superoxide 
dismutase  and  catalase,  both  oxygen  free  scavengers.  Furthermore,  if  nitro-L-arginine  was 
administered  intravitrealy  the  anti-hypoxic  protective  effects  were  lost.  They  concluded  that  NO 
maintains  retina  perfusion  at  high  intraocular  pressure  by  vasodilation  and  that  ischemia  at  high 
intraocular  pressure  impeded  the  effects  of  NO  through  generation  of  oxygen  free  radicals  such  as 
the  oxide  peroxynitrite  (ONOO'). 

Joyner  et  al  (1 993),  using  the  technique  of  light-dve  in-vivo  microscopy,  investigated  the  role 
of  the  endothelium  in  mediating  the  acetylcholine  induced  vasodilation  of  microvessels  of  the 
choroid  and  retina  from  the  human  eye  grafted  into  the  hamster  cheek  pouch.  L-NAME  reduced 
the  acetylcholine  response  in  retinal  microvessels  but  not  choroidal  microvessels. 

This  project  examines  mechanisms  which  govern  the  regulation  of  ocular  blood  flow.  We 
will  investigate  the  mechanism  by  which  the  retina  maintains  Its  autoregulatory  capacity.  The 
mechanism(s)  operant  in  the  regulation  of  retinal  and  uveal  blood  flow  appear  to  be  radically 
different.  1)  Is  the  vasoactive  metabolite  nitric  oxide  involved  in  maintaining  the  autoregulatory 
capacity  of  the  retinal  vasculature  ?  2)  Is  nitric  oxide  involved  in  establishing  the  low  basal  vascular 
tone  of  the  uveal  vasculature  ?  3)  When  uveal  blood  flow  decreases  (due  to  a  decreased  perfusion 
pressure  gradient),  is  retinal  blood  flow  affected  differently  when  nitric  oxide  synthase  is  blocked  ? 
We  will  investigate  the  vascular  regulatory  interrelationship  between  the  retina  and  uveal  circulations. 

The  findings  of  this  project  could  provide  greater  understanding  of  the  pathogenic 
mechanisms  involved  in  normo-tension  and  high-tension  glaucoma  (Luscher,  1991;  Gasser  & 
Flammer,  1991).  Failure  of  regulatory  vascular  reactivity  is  an  important  component  of  many  retinal 
vascular  diseases  that  occur  very  early  in  the  evolution  of  these  diseases  (Yoshida  et  al,  1983). 
Endothelial  dysfunction  of  ocular  vessels  may  represent  a  new  mechanism  in  the  pathogenesis  of 
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ocular  complications  associated  with  a  disturbance  of  regional  blood  flow.  Among  these 
complications  are  diabetic  retinopathy  (Robison  &  Laver,  1993),  hypertensive  vascular  disease 
(Luscher  &  Vanhoutte,  1990),  and  ocular  vasospasms  (Luscher,  1991).  Conducting  such 
investigations  on  the  regulatory  capacity  of  the  retinal  vasculature  could  demonstrate  the  important 
physiological  role  for  endothelium  dependent  vasoactive  substances  in  the  regulation  of  the 
ophthalmic  circulation,  and  lead  to  direct  clinical  application  in  ophthalmology. 

We  examined  the  potential  mechanisms  at  play  governing  the  autoregulatory  capacities  of 
the  retina  and  choroid  by  altering  perfusion  pressure  to  the  eye  in  the  presence  of  intravenously 
administered  nitric  oxide  synthase  inhibitor  (L-NAME)  or  its  inactive  enantiomer  (D-NAME).  We 
measured  volumetric  blood  flow  to  the  retina  and  uvea  by  the  radiolabelled  microsphere  method 
in  piglets. 


MATERIALS  AND  METHODS 


Selection  of  Animal  Model: 

In  order  to  eventually  apply  the  current  theories  and  findings  of  this  study  to  the  regulation 
of  ocular  blood  flow  in  humans,  It  is  imperative  that  preliminary  studies  be  conducted  utilizing  an 
animal  eye-model  that  shares  neurological,  structural,  and  vascular  similarities  to  the  human  eye 
(Molnar  et  al,  1 985).  The  porcine  eye  has  neuroanatomic  and  vascular  similarities  to  the  human  eye. 
And  is  in  many  respects  more  like  that  of  humans  than  the  rabbit,  cat,  dog,  sheep,  horse,  goat,  and 
cattle  (Prince  et  al,  1960). 

The  porcine  retina  is  holangiotic  (entirely  vascularized)  as  is  the  human  retina  (Wolff,  1976). 
Furthermore,  the  porcine  retina  reveals  an  area  sufficiently  devoid  of  blood  vessels  to  suggest 
macular  qualities,  a  characteristic  found  only  in  man,  cat,  and  some  other  primates  (Prince  et  al 
1960;  Wolff,  1976).  In  addition,  the  porcine  retina  is  well  endowed  with  cones  due  to  its  diurnal 
evolution  (Prince  et  al,  1960). 

The  choroidal  tapetum  (a  reflective  tissue  layer)  is  seen  in  most  mammals,  but  it  is  absent 
in  humans,  pigs,  and  rabbits  (Prince  et  al,  1960;  WNff,  1976).  The  choroid  is  found  only  in  the 
vertebrate  eye  (Wolff,  1976).  The  pig’s  choroidal  vessels  range  in  size  from  capillaries  to  70pm  in 
diameter;  the  human  choroidal  vessels  are  of  a  similar  diameter  (Prince  et  al,  1960;  Ernest,  1989b). 
Bruch’s  membrane  in  the  human  is  well  developed,  measuring  2-4pm  in  thickness.  The  pig’s 
Bruch’s  membrane  is  also  well  developed  and  more  apparent  than  in  many  other  animals  (Prince 
et  al,  1960;  Wolff,  1976). 

In  contrast,  the  eye  of  many  other  domestic  animals  differs  significantly  from  that  of 
humans.  The  rabbit  has  a  merangiotic  retina  (partly  vascularized),  lacks  a  macula,  and  is  almost 
exclusively  composed  of  rods  (Prince  et  al,  1960).  The  cat  has  a  holangiotic  retina  with  a  macula 
and  a  peripheral  cone  to  rod  ratio  of  25:1  but  possesses  a  tapetum  60-80  pm  thick  (Prince  et  al, 
1960).  The  dog  and  sheep  both  possess  a  fibrous  tapetum,  and  a  retina  predominantly  composed 
of  rods  (Prince  et  al,  1960;  Wolff,  1976). 
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Surgical  Preparation: 

All  experiments  were  performed  on  1-2  week  old  (3-4  kg)  domestic  piglets  (Thomas  D. 
Morris,  Inc.  Reisterstown,  MD)  of  either  gender.  Animals  were  anesthetized  with  an  intra-peritoneal 
injection  of  sodium  pentobarbital  (30  mg/kg).  Usually  a  cephalic  or  antecubltal  vein  was  accessed 
with  a  22  gauge  microcatheter  to  maintain  a  surgical  plane  of  anesthesia  until  other  vascular  access 
was  obtained.  Anesthesia  was  maintained  during  surgery  by  constant  infusion  (approximately  16 
mg/kg/hr)  for  the  duration  of  the  experimental  procedure.  Animals  were  intubated  (Mallinckrodt 
Type  ET-3.0mm  ID,  Glen  Falls,  NY),  to  maintain  an  open  airway  and  placed  on  a  positive  pressure 
respirator  pump  (Harvard  Apparatus  Dual  Phase  model  613,  Millis,  MA).  Ventilatory  rate  (18-25 
breaths/min.)  and  tidal  volume  (50  ml/stroke)  were  controlled  to  maintain  end-expired  carbon 
dioxide  (C02)  between  5-6%.  End  expired  C02  was  continuously  monitored  with  a  calibrated 
Sensormedics  C02  analyzer  (Medical  Gas  Analyzer  LB-2,  Anaheim,  CA). 

Body  temperature  was  monitored  by  rectal  temperature  and  maintained  constant  (39°  C) 
with  the  use  of  a  K-pad  (American  Hamilton  K-20,  Cincinnati,  OH)  and  a  thermostatically  controlled 
heating  lamp  (Thermistemp-74,  Yellowspring,  OH).  Two  arterial,  and  two  venous  heparinized 
catheters  (Cordis  5-F  Angiographic  Catheter,  Miami,  FL)  were  introduced  into  the  femoral  vessels 
to  measure  blood  pressure,  make  microsphere  measurements,  blood  gas  analysis,  supplemental 
anesthesia,  intravenous  fluids  and  administration  of  D-NAME  or  L-NAME  (both  from  Sigma  Chemical 
Co.,  St.  Louis,  MO).  Arterial  blood  pressure  was  measured  from  a  catheter  advanced  into  the 
abdominal  aorta  from  the  left  femoral  artery.  All  vascular  pressures  were  referenced  to  the 
hydrostatic  plane  at  the  level  of  the  heart.  Pressure  transducers  (Gould  Statham  P23ID  &  P23Db 
series,  Oxnard,  CA)  were  calibrated  with  a  mercury  manometer  (Spectramed  X-caliber,  Oxnard,  CA). 
Continuous  measurements  of  arterial  pressure  (mean  and  pulsatile),  heart  rate,  and  intraocular 
pressure  (IOP)  were  recorded  on  a  polygraph  (Gould  8-Channel  RS3800,  Cleveland,  OH). 
Supplemental  02  was  administered  as  needed  to  keep  arterial  P02  between  80-100  mmHg. 
Anaerobic  arterial  blood  samples  were  collected  for  determination  of  P02,  PC02,  pH, 
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(Instrumentation  Laboratory  pH/Blood  Gas  Analyzer  1306,  Lexington,  MA)  and  oxygen  content,  and 
arterial  hemoglobin  content  (Radiometer  OSM3-Hemoximeter,  Cleveland,  OH).  The  blood  samples 
were  well  agitated  prior  to  blood  gas  analysis. 

A  heat  cautery  (Geiger  Instruments,  Geiger,  PA)  was  utilized  to  perform  a  left  lateral 
thoracotomy  for  the  intra-atrial  injection  of  radiolabelled  microspheres.  A  Weitlander  retractor 
(Roboz  Surgical  Instruments,  Rockville,  MD)  was  utilized  to  expose  the  heart  and  access  the  left 
atria  at  the  level  of  the  fourth  intercostal  space.  The  upper  lung  lobe  was  displaced  dorsally  and 
any  atelectasis  was  overcome  by  reinflating  the  lungs  with  positive  pressure  ventilation  at  the 
completion  of  the  catheterization  procedure.  The  catheter  was  introduced  and  secured  into  the  left 
atria  and  catheter  position  was  verified  at  necropsy.  After  completion  of  the  lateral  thoracotomy  the 
animal  was  placed  in  a  prone  position  without  head  elevation  for  the  remainder  of  the  experimental 
procedure. 

The  eyes  were  held  open  by  a  pair  of  micro  dissecting  retractors  (Roboz  Surgical 
Instruments,  Rockville,  MD)  and  each  ocular  globe  stabilized  for  the  cannulation  procedure  by 
suturing  the  conjunctiva.  The  animals  were  paralyzed  by  systemic  injection  of  pancuronium 
bromide  (1  mg/kg/IV;  Elkins-Sinn,  Inc.  Cherry  Hill,  NJ)  to  prevent  eye  movement  caused  by 
contraction  of  the  extra  ocular  muscles.  Animals  were  heparinized  at  the  completion  of  the 
cannulation  procedure  (0.5ml/kg/IV;  1000  units/ml  heparin  sodium;  Elkins-Sinn,  Inc.  Cherry  Hill, 
NJ).  Manipulation  and  monitoring  of  intraocular  pressure  (IOP)  was  accomplished  by  cannulation 
of  the  anterior  chamber  of  the  eye.  The  approach  of  anterior  chamber  cannulation  for  altering 
intraocular  pressure  is  widely  used,  and  is  considered  by  many  to  be  the  method  of  choice  for 
inducing  acute  changes  in  intraocular  pressure  in  experimental  animals  (Barany,  1964;  Ffytche  et 
al,  1974;  Sossi  &  Anderson,  1983;  Novack  &  Stefansson,  1990;  Coleman  et  al,  1991).  Two  23  gauge 
needles  were  inserted  thru  the  cornea  near  the  limbus  and  into  the  anterior  chamber  where  the 
needles  were  immobilized  (Figure  3).  The  intraocular  pressure  was  regulated  by  hydrostatic 
pressure.  One  needle  was  connected  via  tygon  tubing  to  a  variable  height,  fluid-filled  reservoir. 
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Figure  3:  Apparatus  for  monitoring  and  manipulating  intraocular  pressure  (IOP).  Two  23  gauge 
needles  were  inserted  near  the  limbus  into  the  anterior  chamber  of  each  eye.  One  needle  was 
connected  via  tubing  to  a  movable  reservoir  containing  mock  aqueous  humor.  The  IOP  was 
regulated  hydrostatically  by  altering  the  height  of  the  reservoir.  The  second  needle  was  connected 
via  tubing  to  a  pressure  transducer  for  the  continous  monitoring  of  IOP.  Intraocular  pressure 
measured  at  the  anterior  chamber  was  verified  at  the  posterior  pole  of  the  eye  by  inserting  a  23 
gauge  needle  directly  into  the  vitreous  chamber  at  the  completion  of  the  experimental  protocol.  A 
stopcock  arrangement  allowed  alternating  measurements  of  anterior  and  vitreous  chamber 
pressures  by  a  single  transducer  without  changing  needle  position. 


Experimental  Contralateral 
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Altering  the  height  of  the  reservoir  governed  the  hydrostatic  pressure  in  the  anterior  chamber  of  the 
eye.  The  infused  fluid  was  ‘mock*  aqueous  humor  prepared  to  the  same  osmolarity  (287  mOsm/kg; 
Na+  127  mEq/L)  and  composition  as  natural  aqueous  humor.  The  composition  of  aqueous  humor 
has  been  well  characterized  and  the  preparation  of  "mock*  aqueous  humor  for  intraocular  infusions 
has  been  described  (Barany,  1964)  (see  Appendix).  The  mock  aqueous  humor  was  stored  covered 
at  4°C,  and  warmed  to  37°  ±  5°C  prior  to  use.  Fresh  batches  of  the  aqueous  humor  were  prepared 
as  needed.  A  second  23  gauge  needle  was  inserted  thru  the  cornea  at  the  limbus  and  immobilized 
in  the  anterior  chamber  of  each  eye.  The  needles  were  connected  via  tygon  tubing  to  a  transducer 
for  the  continuous  monitoring  of  intraocular  pressure.  Ocular  perfusion  pressure  (OPP)  was  defined 
as  the  difference  in  mean  arterial  blood  pressure  determined  from  the  abdominal  aorta  minus  the 
mean  pressure  measured  at  the  anterior  chamber  of  the  eye  (MAP-IOP).  Verification  that  the 
recorded  anterior  chamber  pressure  reflected  the  pressure  transmitted  to  the  posterior  pole  of  the 
eye  was  accomplished  at  the  completion  of  the  experimental  protocol.  An  additional  23  gauge 
needle  was  inserted  through  the  sclera  into  the  vitreous  chamber.  A  stopcock  arrangement  allowed 
the  pressures  of  the  anterior  chamber  and  vitreous  chamber  of  the  eye  to  be  measured 
interchangeably  by  a  single  transducer  without  changing  needle  position.  Tests  to  verify  the  proper 
functioning  of  the  intraocular  apparatus  and  proper  balance  of  pressure  transducers  were  conducted 
at  the  completion  of  the  surgical  protocol  (Figure  4).  The  ocular  perfusion  pressure  was  controlled 
by  varying  intraocular  pressure  hydrostatically,  without  controlling  the  prevailing  blood  pressure. 
Seventy-five  minutes  were  allowed  for  stabilization  of  the  animals  prior  to  data  collection  to  minimize 
the  effects  from  cannulation  and  surgical  manipulations  (see  temporal  control  studies). 

At  the  completion  of  the  surgical  protocol  the  animals  were  euthanized  by  anesthetic 
overdose  (90  mg/kg)  or  saturated  KCL  to  effect.  The  eyes  were  enucleated  and  the  kidneys  were 
removed  and  placed  in  10%  buffered  formalin.  The  eyes  were  dissected  while  fresh.  The  retina, 
choroid,  and  anterior  uvea  (iris,  ciliary  body,  ciliary  process)  were  isolated  from  each  eye  and  dried 
for  12  hours  at  105.0°C  in  pre-weighed  glass  vials.  The  choroid  was  separated  from  the  anterior 
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Figure  4:  Characteristic  pulsatile  and  mean  intraocular  pressure  (IOP)  tracing  form  the  right  eye. 
Shown  are  2-3  mmHg  pulsatile  oscillations  which  coincide  with  the  cardiac  cycle.  Mean  baseline 
IOP  is  14  mmHg.  Arrow  shows  a  hydrostatically  induced  acute  elevation  in  IOP  caused  by  raising 
the  height  of  the  reservoir  containing  mock  aqueous  humor.  The  responsiveness  of  the  system  to 
changes  in  the  height  of  the  reservoir  was  verified  at  the  completion  of  each  experiment.  The 
sinusoidal  IOP  tracings  demonstrate  the  response  of  sequentially  lowering  and  then  raising  the 
reservoir  of  the  lOP-apparatus.  Note  the  short  time-constant  for  the  response. 

Time  scale  for  IOP  tracing: 

A.  Pulsatile  IOP  =  4  seconds;  mean  IOP  =  5  seconds;  chart  speed  5  mm/second 

B.  1 1  seconds;  chart  speed  5  mm/second 

C.  2  seconds;  chart  speed  25  mm/second 
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uvea  at  the  ora  serrata.  The  dry  weights  of  the  eye  tissues  were  utilized  for  blood  flow 
determinations.  All  ocular  blood  flow  measurements  are  expressed  as:  milliliters/minute/100  grams 
of  dry  tissue  weight.  Wet  tissue  weights  were  used  for  kidney  flow.  All  tissues  were  placed  into 
gamma  tubes  for  subsequent  gamma-radiation  counting  by  least-squares  analysis  of  the  gamma 
spectra. 

The  use  and  handling  of  the  animals  in  this  study  conformed  to  the  guideline  and 
regulations  established  by  the  United  States  Department  of  Health  and  Human  Services  as  stipulated 
in  the  Guide  for  the  Care  and  Use  of  Laboratory  Animals.  All  animals  were  treated  according  to  the 
guidelines  set  forth  by  the  Uniformed  Services  University  of  the  Health  Sciences.  The  investigator 
of  this  study  has  taken  every  precaution  to  insure  the  humane  use  of  these  animals  in  accordance 
with  the  following:  The  “U.S.  Government  Principles  for  the  Utilization  and  Care  of  Vertebrate 
Animals  Used  in  Testing,  Research,  and  Training",  USUHS  Instruction  3204  "The  Use  of  Animals  in 
USUHS  Programs,"  Public  Health  Service  "Policy  on  Humane  Care  and  Use  of  Laboratory  Animals," 
the  1990  "Report  of  the  AVMA  Panel  on  Euthanasia",  and  the  ARVO  Resolution  on  the  use  of 
Animals  in  Research. 

Temporal  Control  Studies 

We  have  observed  variable  ocular  blood  flows  for  a  period  of  time  following  surgical 
manipulation.  Therefore,  we  conducted  a  temporal  control  study  to  establish  the  optimum  post- 
surgical  period  in  which  to  perform  ocular  blood  flow  determinations.  Regional  ocular  blood  flow 
determinations  were  made  in  six  piglets  (average  10  ±  3  days  old;  average  3.5  ±  0.22  kg)  for  the 
retina,  choroid,  and  anterior  uvea  from  each  eye  at  six  pre-determined  time  intervals.  The  temporal 
control  group  of  piglets  were  matched  by  age  and  weight  to  the  experimental  group  of  animals 
(average  9  ±  3  days  old;  average  3.5  ±  0.12  kg).  Three  temporal  control  experiments  were 
conducted  at  the  commencement  of  the  study.  Three  additional  animals  were  utilized  as  temporal 
controls  at  a  later  time.  The  duration  of  the  temporal  control  studies  spanned  a  period  of  six 
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months  and  included  a  total  of  six  piglets.  Baseline  intraocular  pressure  (left  12  ±  1  mmHg;  right 
10  ±  1  mmHg)  measurements  were  recorded  immediately  following  cannulation  of  the  anterior 
chamber.  Time  zero  was  designated  as  the  completion  of  the  cannulation  procedure  to  the  anterior 
eye  chambers.  The  first  blood  flow  measurement  was  obtained  at  an  average  time  of  6  minutes 
after  completing  the  surgical  protocol.  Sequential  blood  flow  determinations  were  obtained  at  an 
average  time  of:  24,  44,  64,  84,  and  106  minutes  (±  1  min  for  all  time  points)  post  completion  of  the 
surgical  protocol.  Blood  flow  determination  in  one  piglet  at  the  6  minute  time  point  was  not  possible 
due  to  difficulties  with  the  microsphere  blood  reference  withdrawal  pump.  The  mean  (±  SEM)  blood 
flows  for  the  left,  right  and  combined  retinal,  choroidal  and  anterior  uveal  tissues  at  the  various  time 
points  were  determined.  Blood  gases  were  determined  prior  to  all  blood  flow  measurements. 
Based  on  evaluation  of  this  data  it  was  determined  that  60  to  85  minutes  stabilization  post  surgical 
manipulation  and  anterior  chamber  cannulation  was  sufficient  prior  to  making  blood  flow 
determinations  in  the  experimental  animals.  This  stabilization  period  was  favored  since  it  allowed 
a  reasonable  time  course  for  the  completion  of  the  experimental  protocol. 

Studies  With  The  Vehicle  Control  D-NAME  And  With  The  Nitric  Oxide  Svnthase  Inhibitor  L-NAME 

A  total  of  12  piglets  were  utilized.  The  animals  in  each  group  (n=6)  were  matched  by  age 
and  weight  (L-NAME  10  ±  3  days,  3.4  ±  0.21  kg;  D-NAME  9  ±  4  days,  3.6  ±  0.11  kg).  Constant 
infusions  (Sage  Instruments,  Syringe  Pump-351,  Cambridge,  MA)  of  D-NAME  or  L-NAME  were 
accomplished  via  a  catheter  introduced  into  the  right  femoral  vein.  Either  L-NAME  or  D-NAME  (30 
m9/kg/hr)  were  infused  starting  45  minutes  post-completion  of  the  surgical  protocol  and  for  a 
minimum  of  thirty  minutes  prior  to  the  first  blood  flow  determination.  On  this  time  schedule,  the  first 
blood  flow  determination  was  obtained  at  75  minutes  post-completion  of  surgery,  which  based  on 
our  temporal  control  data  demonstrated  stability  of  ocular  blood  flow. 

Baseline  intraocular  pressure,  control  ocular  perfusion  pressures,  and  baseline  blood  flow 
measurements  for  the  retina,  choroid,  and  anterior  uvea  were  determined  for  both  eyes  in  each 
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group.  The  perfusion  pressure  of  ONE  eye  was  incrementally  reduced  as  follows  :  60  mmHg,  50 
mmHg,  40  mmHg,  30  mmHg,  20  mmHg.  Blood  gas  analyses  were  conducted  immediately 
preceding  each  microsphere  injection.  The  intraocular  pressure  of  the  contralateral  eye  was 
monitored  in  the  same  described  fashion  but,  the  intraocular  pressure  was  maintained  near  baseline 
(12  ±  2  mmHg)  for  the  duration  of  the  experiment.  The  eye  which  was  subjected  to  experimentally 
induced  changes  in  perfusion  pressure  was  randomly  assigned  in  each  animal.  A  minimum  of  ten 
minutes  was  allowed  for  stabilization  of  intraocular  pressure  after  each  induced  change  in  ocular 
perfusion  pressure  gradient  (Barany,  1964). 

Hemodynamic  Parameters: 

Baseline  hemodynamic  parameters  of  blood  pressure,  heart  rate,  and  Hct  were  recorded. 
Baseline  mean  arterial  blood  pressure  was  92  t  4  mmHg,  mean  systolic  and  mean  diastolic  blood 
pressures  were  119  ±  5  mmHg  and  75  ±  4  mmHg,  respectively.  Mean  heart  rate  was  197  ±  13 
beats/minute,  and  no  change  in  heart  rate  occurred  after  administration  of  D-NAME  or  L-NAME 
(Table  I).  Mean  arterial  pressure  did  not  change  following  D-NAME  infusion  (Figure  5).  After  thirty 
minutes  of  L-NAME  infusion  there  were  significant  increases  (31  mmHg,  36%)  in  mean  arterial  blood 
pressure  (from  86  ±  5  to  117  ±  2  mmHg)  in  all  animals  tested.  Diastolic  pressure  increased  by  51 
%  (from  68  ±  4  to  103  ±  2)  ,  while  systolic  pressure  increased  24  %  (from  112  ±  5  to  139  ±  4 
mmHg).  Administration  of  L-NAME  significantly  elevated  total  peripheral  resistance  and  reduced 
cardiac  output.  Cardiac  outputs  were  calculated  in  miililiters/minute  and  also  normalized  to  the 
weight  of  the  animals.  The  mean  cardiac  output  with  D-NAME  was  553  ±  25  ml/min  (150  ±6 
ml/min/kg).  The  mean  cardiac  output  with  L-NAME  was  384  ±  20  ml/min  (118  ±  8  ml/min/kg), 
a  31%  reduction  from  the  D-NAME  treated  animals.  When  normalized  to  animal  weight  the 
reduction  in  cardiac  output  with  L-NAME  was  21%. 
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Table  I:  Hemodynamic  parameters  for  the  D-NAME,  L-NAME  and  L-Arginine  treated  animals. 
Shown  are  the  average  heart  rates,  mean  and  pulsatile  blood  pressures,  cardiac  outputs  in  ml/min 
and  normalized  to  animal  weight  (ml/min/Kg).  No  change  in  mean  heart  rate  was  observed 
following  drug  treatments.  Significant  increases  in  blood  pressure  were  observed  following  L-NAME. 
L-NAME  significantly  reduced  cardiac  output  by  31  %  from  the  D-NAME  treated  animals,  and  cardiac 
output  showed  a  21%  reduction  when  normalized  to  animal  weight. 
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Figure  5:  Effects  of  systemic  D-NAME  infusion  (30  mg/kg/hr)  on  blood  pressure.  Baseline  MAP 
pre  D-NAME  was  107  mmHg  and  pulsatile  BP  of  135/90.  Thirty  minutes  post  D-NAME  infusion  MAP 
remained  essentially  unaffected  with  a  MAP  of  105  mmHg  and  pulsatile  BP  of  135/90.  Mean  HR 
was  197  ±  13  beats/minute,  no  change  in  HR  was  observed  after  administration  of  D-NAME  or  L- 
NAME. 


Bottom  Trace:  Effects  of  systemic  L-NAME  infusion  (30  mg/Kg/hr)  on  blood  pressure.  Baseline 
MAP  pre  L-NAME  was  100  mmHg  and  pulsatile  BP  of  125/85.  After  thirty  minutes  post  L-NAME 
infusion  MAP  was  elevated  in  all  animals  tested.  MAP  increased  by  35  mmHg  (35%)  to  135  mmHg 
and  pulsatile  BP  of  160/120.  Diastolic  pressure  increased  by  41%,  while  systolic  pressure  increased 


28%. 


mean  arterial  pressure  mean  arterial  pressure 

pre  L-NAME  30  minutes  post  30  mg/kg/hr  L-NAME  infusion 

(100  mm  Hg)  (135  Hg) 
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MAP  and  IOP  Matched  Animals: 

To  assure  that  decreased  ocular  blood  flow  to  the  uvea  resulted  from  nitric  oxide  blockade  by  L- 
NAME  and  not  as  a  result  of  increased  sympathetic  tone  to  the  uveal  circulation  elicited  as  a 
protective  response  from  overperfusion  under  acute  elevations  in  mean  arterial  pressure,  we 
matched  and  compared  blood  flow  for  specific  cases  from  the  D-NAME  and  L-NAME  treated 
animals  which  had  similar  mean  intraocular  pressures  and  a  similar  mean  arterial  pressure  range. 
From  a  total  of  12  animals,  two  to  four  animals  per  group  were  matched  at  each  of  the  following 
mean  ocular  perfusion  pressures  (±  2  mmHg):  60,  50,  39,  31,  and  21  mmHg.  These  ocular 
perfusion  pressures  were  grouped  with  the  following  range  of  mean  arterial  blood  pressure:  105-112, 
110-115,  115-120,  110-120,  105-112  mmHg,  respectively.  Blood  flow  to  the  retina,  choroid,  and 
anterior  uvea  in  the  pressure  matched  categories  was  compared  between  the  D-NAME  and  L-NAME 
treated  animals. 

Reversal  of  NOS  Blockade  With  Exogenous  L-Arainine 

L-arginine  (Sigma  Chemical  Co.,  St.  Louis,  MO)  was  administered  to  five  piglets  to 
antagonize  the  nitric  oxide  blockade  induced  with  L-NAME.  An  L-NAME  infusion  was  administered 
as  previously  described  and  was  maintained  throughout  the  experimental  protocol.  Mean  and 
pulsatile  blood  pressures  were  recorded  for  baseline  conditions,  following  L-NAME  infusion,  and 
following  L-arginine  administration  (Figure  6).  Two  isotopes  were  used  to  make  blood  flow 
determinations.  The  first  blood  flow  determination  was  taken  after  a  minimum  of  thirty  minutes  of 
L-NAME  infusion.  The  ocular  perfusion  pressure  of  ONE  eye  (randomly  selected)  was  maintained 
at  the  baseline  perfusion  pressure  (99  ±  4  mmHg),  while  the  contralateral  eye  had  its  OPP 
decreased  from  baseline  to  a  perfusion  pressure  of  26  ±  2  mmHg.  A  minimum  of  ten  minutes  were 
allowed  for  stabilization  of  intraocular  pressures  prior  to  any  blood  flow  determinations.  Blood 
gases  were  analyzed  prior  to  all  microsphere  injections. 
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Figure  6:  Mean  and  pulsatile  blood  pressure  tracing  for  baseline  conditions,  following  L-NAME 
infusion,  and  following  L-arginine  bolus  administration.  Baseline  MAP  of  85  mmHg  was  elevated  to 
117  mmHg  following  30  minutes  of  L-NAME  infusion  (30  mg/kg/hr).  Tracing  shows  a  dose-related 
marked  transient  hypotensive  effect  following  intracardiac  bolus  administration  of  L-arginine  (180 
mg/kg  approximately  6  times  the  dose  of  L-NAME).  In  this  animal,  the  dose  of  L-arginine 
antagonized  28%  of  the  elevation  in  MAP  induced  by  L-NAME  infusion. 
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The  second  blood  flow  measurement  was  taken  at  10  minutes  following  administration  of  L-arginine. 
An  exogenous  bolus  (4  mis)  of  L-arginine  (180  mg/kg;  approximately  6x  the  dose  of  L-NAME)  was 
dissolved  in  saline  (pH  =11)  and  administered  via  catheter  directly  into  the  left  atria.  This  dose  of 
L-arginine  antagonized  13.4  ±  7  %  of  the  elevation  in  mean  arterial  blood  pressure  induced  by  L- 
NAME  infusion.  Because  L-arginine  caused  a  sudden  drop  in  mean  arterial  pressure,  the  perfusion 
pressure  of  the  eye  with  an  experimentally  altered  pressure  was  adjusted  prior  to  and  after  L- 
arginine  administration  in  order  to  maintain  a  relatively  constant  perfusion  pressure  of  28  ±  3  mmHg. 

MICROSPHERES:  Historical  Development: 

Injecting  particles  to  measure  circulatory  parameters  was  pioneered  by  Pohlman  in  1909 
using  small  starch  granules  to  map  the  flow  pattern  in  the  fetal  pig  heart.  Subsequent  experiments 
on  the  study  of  the  circulation  in  various  vascular  beds  used  modifications  of  different  type  particles 
injected  into  the  intravascular  compartment.  Prinzmetal  et  al  (1 947)  performed  coronary  perfusions 
with  glass  microspheres  to  study  the  collateral  circulation  of  the  heart.  Radioactive  24Na  glass 
microspheres  were  developed  in  1958  using  neutron  bombardment.  During  1961-63  ceramic 
microspheres  with  various  radionuclides  were  developed.  Both  the  glass  and  ceramic  microspheres 
had  the  disadvantage  of  high  densities  which  promoted  rapid  settling  within  the  blood  stream. 
Macroaggregates  of  albumin  labelled  with  121 1  were  developed  in  1964.  The  macroaggregates  of 
albumin  had  the  distinct  advantage  that  they  did  not  experience  rapid  sedimentation  in  the  blood 
because  they  were  lower  in  density,  but  they  suffered  from  a  wide  variability  in  size. 

Use  of  dextran  and  "carbonized*  plastic  radiolabelled  microspheres  to  study  the  distribution 
of  blood  flow,  cardiac  output,  and  organ  blood  flow  was  pioneered  by  Rudolph  and  Heymann  in 
1967.  These  microspheres  had  tremendous  practical  and  theoretical  advantages  over  those 
previously  described.  They  had  a  specific  density  (1.25-1.30  g/ml)  comparable  to  that  of  whole 
blood  (1.05-1.098  g/ml),  had  a  uniform  size  distribution,  and  the  nuclide  was  incorporated  into  the 
plastic  which  minimized  leaching  of  the  radioactivity. 
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Current  Manufacturing  Specifications  Of  Microspheres: 

Polystyrene  radiolabelled  microspheres  (density:  1.3-1 .4  g/ml)  are  distributed  by  New 
England  Nuclear  Corporation  (NEN)  in  sterile  injection  vials.  We  purchase  multiple  10ml  vials  of 
15±1pm  diameter  microspheres  suspended  in  0.9%  NaCI  and  0.01%  Tween  80.  A  0.05%  solution 
of  the  detergent  polyoxyethylene  80  sorbitan  monooleate  (Tween  80)  is  added  by  our  laboratory  to 
prevent  aggregation  of  microspheres.  The  region  of  interest  (ROI)  energy  range  over  which  gamma 
emissions  were  counted  and  integrated,  the  half-life,  and  the  principal  gamma  emission  energies 
of  the  isotopes  are  shown  on  Table  II.  Selection  of  the  various  isotopes  was  determined  based  on 
half-life  and  on  the  easily  distinguishable  differences  between  their  gamma  energy  spectral 
distribution  characteristics. 
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Table  II:  Physical  characteristics  of  the  isotopes.  Shown  are  the  energy  ranges  over  which  gamma 
emissions  were  counted  and  integrated  (ROI),  the  half-life,  and  the  principal  gamma  emission 
energies  (keV)  of  each  isotope. 
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Table  II. 

Physical  characteristics  of  15±1  tim  diameter  radiolabeiled  microspheres 


Radionuclide 

Region  of 
Interest 
(ROI) 
Windows 

Half-Life 

(days) 

Principal 

Y  Energy 
(keV) 

153Gadolinum 

64-100 

241.5 

97 

103 

114mlndium 

150-250 

49.5 

190-192 
(also  558  and 
725) 

113Tin 

348-452 

115.1 

392-393 

^Strontium 

464-560 

64.8 

514 

95Niobium 

660-812 

35.1 

765-766 

^Scandium 

880-1300 

83.8 

889 

1120 

Sources:  NEN-TRAC  microsphere  technical  data  sheet;  Linden,  1983;  Lide,  1993. 
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QUANTITATION  OF  MICROSPHERES: 

Counting  Equipment: 

A  512  multichannel  pulse  height  sodium  iodide  (Nal)  crystal  gamma  counter  detector 
(Tracor  Analytic  2250,  EIK  Grove  Village,  IL)  with  a  total  energy  range  of  0-2048  KeV  was  utilized 
to  analyze  the  gamma  emission  spectra  of  the  isotopes.  Region  of  interest  (ROI)  windows  were 
established  for  each  of  the  isotopes.  The  energy  window  for  each  isotope  were  empirically  adjusted 
using  standards  of  pure  isotope.  This  method  of  adjustment  optimized  counts  by  compensating 
for  spectral  distribution  shifts  due  to  electronic  fluctuations  from  high  voltage  or  gain  instability.  The 
ROI  windows  were  not  contiguous  but  were  specifically  selected  to  include  the  major  spectral 
energy  peak(s)  of  each  isotope.  Spectral  regions  which  comprised  low  count  rates  for  a  given 
isotope  were  not  included  in  the  ROI  window,  thus  minimizing  the  counts  of  other  isotopes  in  that 
ROI  window. 

With  the  exception  of  Indium  (114mln)  the  remaining  five  isotopes  have  few  measurable 
counts  above  their  principal  energy  peak(s).  Below  the  principal  energy  peak  of  each  isotope 
substantial  counts  can  be  detected  due  to  Compton  interactions  of  gamma  emissions.  Compton 
interactions  (also  referred  to  as  incoherent  scattering  or  Compton  Scattering)  is  due  to  photon- 
electron  interactions  (Compton,  1961).  The  incident  photon  with  linear  momentum  collides  with  a 
weakly  bound  electron,  initially  at  rest.  The  photon  can  transmit  energy  and  linear  momentum  to 
an  individual  electron  in  an  elastic  collision  with  the  electron.  The  photon  after  the  collision  scatters 
off  at  an  angle  and  has  less  energy  than  before  the  collision.  Compton  scattering  is  due  to  the 
decrease  in  energy  (lower  KeV)  of  the  scattered  photon  in  imparting  recoil  energy  to  the  electron 
(Compton,  1961).  Compton  interactions  of  gamma  emissions  is  the  predominant  interaction  which 
occurs  for  the  range  of  photon  energies  (KeV)  used  in  this  study.  Comptom  interactions  of 
emissions  from  the  higher  energy  isotopes  contribute  to  "crossover*  counts  in  the  lower  energy 
isotopes  which  must  be  accounted  for  in  order  to  determine  the  counts  which  belong  exclusively 
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to  the  isotope  of  interest.  Each  isotope  used  has  a  characteristic  gamma-radiation  emission  with 
an  easily  distinguishable  energy  peak.  Since  more  than  one  isotope  was  present  in  any  given  piece 
of  tissue,  it  was  necessary  to  adjust  for  Compton  interactions  of  higher  energy  emitting  isotopes  in 
the  characteristic  energy  peak  of  the  lower  energy  emitting  Isotopes.  For  instance,  scandium  (^Sc) 
has  few  measurable  counts  above  its  principal  energy  peaks  (889, 1120  KeV).  However,  Compton 
interactions  below  (to  the  left  of)  the  principal  energy  peaks  of  scandium  produce  'crossover" 
factors  in  all  lower  gamma  energies  ROI  windows. 

A  characteristic  example  of  the  total  gamma  counts  from  each  isotope  standard  detected 
at  the  various  ROI  windows  is  represented  in  Table  III.  Average  ambient  background  gamma 
counts  for  each  isotope  were  determined  from  blank  tubes  at  the  time  of  analysis.  The  average 
background  count  for  each  isotope  is  subtracted  from  the  total  counts  to  yield  "corrected  counts." 

The  blood  sample  tubes  were  rinsed  with  deionized  water  to  promote  red  blood  cell 
hemolysis  and  prevent  suspension  of  microspheres.  This  provides  a  settled  microsphere 
configuration  which  is  considered  to  provide  the  optimal  counting  efficiency  (Rudolph  &  Heymann, 
1967).  The  counting  vials  were  never  filled  over  3  cm  high  so  as  to  avoid  counting  distortions  due 
to  different  counting  geometries.  Differences  in  the  microsphere  configuration  among  samples 
during  analysis  can  lead  to  count  distortions  arising  from  reduced  counting  efficiency.  The  settled 
microsphere  configuration  matched  the  configuration  of  the  dessicated  ocular  tissue  best. 

The  shape  of  the  gamma  spectrum  for  any  pure  sample  of  isotope  is  constant  (Rudolph  & 
Heymann,  1967).  Therefore  the  counts  of  any  isotope  in  a  mixture  can  be  determined  knowing  what 
proportion  of  each  isotope  appears  in  each  ROI  energy  window.  When  a  particular  isotope  was  not 
utilized  (  e.g.,  during  the  L-arginine  experiments,  where  only  two  microspheres  were  used)  the 
factors  of  the  missing  isotopes  were  not  included  in  the  matrix  notation. 
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Table  III:  Characteristic  example  of  the  total  gamma  counts  from  each  isotope  standard  detected 
at  the  various  Region  of  Interest  (ROI)  windows.  Average  ambient  background  gamma  counts  for 
each  isotope  were  determined  from  blank  tubes  at  the  time  of  analysis.  The  average  background 
count  for  each  isotope  is  subtracted  from  the  total  counts  to  yield  'corrected  counts". 
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Table  III. 

ISOTOPE  Region  Of  Interest  (ROI)  WINDOWS 


Gd 

In 

Sn 

Sr 

Nb 

Sc 

Standards 

Gd 

3086508 

134268 

542 

495 

217 

526 

In 

109274 

357765 

29166 

33386 

31816 

25257 

Sn 

134734 

69269 

559367 

1458 

726 

296 

Sr 

135535 

99966 

32428 

434538 

463 

1349 

Nb 

33955 

30136 

28393 

19392 

103466 

3419 

Sc 

87291 

77170 

91343 

86215 

87359 

379842 

Average 

Background 

210.2 

112.2 

87 

266.8 

44.4 

82.2 
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Simultaneous  Equation  Method 

Decomposition  and  analytic  quantitation  of  the  gamma  spectra  for  the  six  isotopes  was 
performed  by  the  technique  of  Schosser  et  al  (1979).  Since  a  tissue  specimen  from  the  eye 
contains  a  mixture  of  six  known  isotopes  (i),  and  since  there  are  six  nonoverlapping  Region  of 
Interest  (ROI)  windows,  one  for  each  isotope,  i  =  w.  Let  Ciw  represent  the  counts  of  the  Ith  isotope 
in  the  w,h  region  of  interest  window.  Therefore  the  cross-over  factor  (F)  of  the  Ith  isotope  in  the  w**1 
region  of  interest  window  is  shown  in  Table  IV  and  denoted  by: 

Fi,w  =  Cjw/Cji  (1) 

The  cross-over  factor  for  any  particular  isotope  Is  expressed  as  a  fraction  of  the  "corrected 
counts"  measured  in  the  principal  energy  window  of  the  isotope  of  interest.  Thus,  the  cross-over 
factor  for  the  isotope  of  interest  in  its  own  ROI  window  is  unity.  For  instance,  to  determine  the 
cross-over  factor  of  tin  (Sn)  in  the  niobium  (Nb)  ROI  window  the  following  calculation  is  performed 
from  the  data  in  Table  III:  (28393-87)/(l  03466^4.4)  =  0.273695  which  yields  the  fraction  of  tin  (Sn) 
counts  in  the  Niobium  (Nb)  window. 

Let  Cw  represent  the  counts  observed  from  a  mixture  of  isotopes  in  the  w**  window. 
Therefore  the  contribution  of  each  isotope  to  the  wth  window  is  denoted  by: 

Cw  =  F1.w*1  +  F2,w*2  +  F3,w*3  +  F4,w*4  +  F5,w*5  +  F6,w*6  P) 

Where:  F  =  the  cross-over  factor  for  each  isotope  in  a  defined  ROI  window 
X  =  the  unknown  quantity  of  counts  from  a  particular  isotope 
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Table  IV:  The  cross-over  factor  for  any  particular  isotope  is  expressed  as  a  fraction  of  the 
"corrected  counts"  measured  in  the  principal  energy  window  of  the  isotope  of  interest.  The  cross¬ 
over  factor  for  the  isotope  of  interest  in  its  own  Region  of  Interest  (ROI)  window  is  unity. 
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Table  IV. 

CROSS-OVER  FACTOR  SOURCE  MATRIX 


Gd 

In 

Sn 

Sr 

Nb 

Sc 

Gd 

1 

0.304943 

0.240530 

0.311613 

0.326283 

0.229304 

In 

0.04346 

1 

0.123653 

0.229934 

0.290304 

0.202911 

Sn 

m 

0.081305 

1 

0.0744719 

0.273695 

0.240299 

Sr 

7.394e-05 

0.092601 

0.002129 

1 

0.184924 

0.226322 

Nb 

5.592e-05 

0.088833 

0.001218 

0.000963 

1 

0.229920 

Sc 

0.000143 

0.070388 

0.000382 

0.002917 

0.032264 

1 
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The  count  in  each  ROI  window  is  the  linear  sum  of  the  counts  of  each  isotope  in  that  ROI 
window  (Linden,  1983).  The  unknown  quantity  of  Xj  of  the  Ith  isotope  present  in  the  mixture  has  an 
expected  contribution  to  the  integral  counts  in  the  w*1  region  of  interest  (ROI)  window  of: 

Fi,w*i  (3) 

where  X=[X1,X2,X3,X4,X5,X6]  is  the  sum  of  unknown  isotope  quantity. 

The  quantitation  of  the  energy  spectra  from  a  complex  isotope  mixture  is  accomplished  by 
formulating  N  simultaneous  linear  equations  for  N  isotopes  having  N  Regions  of  Interest  (ROI) 
windows  (Linden,  1 983).  We  utilized  six  isotopes  to  generate  six  linear  equations  with  six  unknowns. 
We  solved  the  unknown  amounts  of  each  isotope  in  the  mixture  by  expressing  the  linear  equations 
in  matrix  notation.  The  source  matrix  is  the  cross-over  factor  matrix  shown  in  Table  IV  and  is 
generically  represented  below  as  M. 


F1.1 

F1.2 

F1,3 

F1,4 

F1,5 

F1,6 

F2,1 

F2,2 

F2,3 

F2,4 

F2,5 

F2,6 

F3,1 

F3,2 

F3,3 

F3,4 

F3,5 

F3,6 

F4,1 

F4,2 

F4,3 

F4,4 

F4,5 

F4,6 

F5,1 

F5,2 

F5,3 

F5,4 

F5,5 

F5,6 

F6,1 

F6,2 

F6,3 

F6,4 

F6,5 

F6,6 

j 
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To  solve  the  simultaneous  equations  and  determine  the  amount  of  the  individual  isotope  in 
the  mixture,  the  cross-over  factor  source  matrix  undergoes  Gauss-Jordan  matrix  inversion  (M)'1  with 
full  row  and  column  pivoting  (transformation)  of  the  matrix  (M*)'1.  The  solution  of  X  is  obtained  as 
denoted  below: 


C  =  M1  X  (4) 

X=  (MV’C 


Principles  and  Assumptions  of  the  Microsphere  Technique 

The  radiolabelled  microsphere  technique  has  been  shown  by  numerous  investigators 
(Rudolph  &  Heymann,  1967  and  Wagner  et  al,  1969)  to  be  a  reliable  method  for  measuring  regional 
blood  flow  to  many  tissues  in  a  wide  variety  of  species.  Experiments  using  10pm  and  15pm 
diameter  radiolabelled  microspheres  to  study  regional  ocular  blood  flow  in  rabbits,  cats  and  pigs 
have  determined  that  15pm  diameter  spheres  yield  accurate  determinations  of  blood  flow  to  the 
various  regions  of  the  uvea  and  retina  (Aim  &  Bill,  1972a,  1973b).  The  precision  of  blood  flow 
determination  in  the  retina  when  using  10pm  sized  spheres  is  high.  However,  the  10pm  diameter 
spheres  have  a  tendency  (50%)  to  pass  through  the  capillary  meshwork  of  the  anterior  uvea, 
specifically  the  ciliary  processes  thereby  causing  underestimates  of  blood  flow  (Bill,  1983).  Feline 
studies  (Aim  &  Bill,  1972a)  have  determined  that  5%  or  less  of  15pm  diameter  spheres  injected  into 
the  left  ventricle  were  found  in  the  lungs,  indicating  that  at  least  95%  of  the  spheres  are  trapped  in 
the  capillary  beds  of  the  systemic  circulation.  This  high  degree  of  entrapment  using  15pm  diameter 
microspheres  has  been  found  in  many  other  species. 

The  assumptions  which  must  be  fulfilled  for  the  accurate  determination  of  blood  flow  utilizing 
radioactive  microsphere  technique  are  the  following: 


56 


1 )  The  microspheres  are  uniformly  mixed  in  arterial  blood  and  have  the  same  rheology  as  red  blood 
cells.  Ideally  microspheres  should  be  injected  into  the  left  atria  so  that  they  mix  thoroughly  with  the 
blood  as  they  pass  into  the  left  ventricle  and  are  ejected  into  the  systemic  circulation  via  the  aorta. 
Having  a  homogeneous  distribution  within  the  blood,  their  entrapment  within  the  capillaries  is 
proportional  to  the  blood  flow.  The  microspheres  are  rigid  and  too  large  to  pass  through  the 
capillaries  of  the  perfused  tissue  and  are  entrapped  in  the  capillary  bed.  Therefore,  by  comparing 
the  radioactivity  in  tissue  samples  to  that  of  an  arterial  blood  sample  withdrawn  at  a  known  flow  rate, 
the  blood  flow  to  tissue  samples  can  be  calculated. 

2)  Microspheres  themselves  do  not  alter  blood  flow  or  general  hemodynamic  parameters. 

3)  Essentially  all  microspheres  are  removed  from  the  circulation  (entrapment)  in  their  first  pass 
through  the  microcirculation. 

4)  Microspheres  provide  an  instantaneous  determination  of  regional  blood  flow  or  cardiac  output 
under  steady-state  conditions.  During  a  bolus  injection  the  concentration  of  microspheres  in  arterial 
blood  is  not  constant.  To  ensure  that  the  number  of  microspheres  or  counts  is  directly  proportional 
to  blood  flow  of  the  perfused  tissue,  all  measurements  must  be  made  under  identical  steady-state 
conditions. 

5)  To  have  an  accuracy  of  blood  flow  determination  within  ±  10%  of  mean  flow  estimate  at  the  95% 
confidence  level,  at  least  384  microspheres  must  be  trapped  in  the  tissues  and  present  in  the 
reference  withdrawal  sample  (Heymann  et  al,  1977). 

Determination  of  Blood  Flow  and  Cardiac  Output 

Regional  ocular  blood  flow  was  determined  using  15±1jim  diameter  radiolabelled 
microspheres  (New  England  Nuclear  Corporation,  Wilmington,  DE)  using  the  surrogate  organ 
reference  withdrawal  technique  (Heymann  et  al,  1977;  Buckberg  et  al,  1971).  To  eliminate  the 
necessity  of  measuring  blood  flow  to  a  reference  organ  or  tissue  Buckberg  et  al  (1971)  have 
described  the  technique  of  a  surrogate  organ  reference  withdrawal.  We  utilized  this  technique  as 
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the  calculation  standard  to  determine  organ  blood  flow  and  cardiac  output.  A  syringe  pump 
(Harvard  Apparatus  Infusion/Withdrawal  Pump,  Millis,  MA)  withdrew  a  reference  arterial  blood 
sample  beginning  15  seconds  preceding  the  injection  until  2  minutes  post  injection,  at  a  rate  of  1.03 
milliters/minute  from  a  catheter  placed  into  the  right  femoral  artery.  Ocular  blood  flow  is  expressed 
as  milliliters/minute/100  gram  dry  weight.  This  method  of  measuring  blood  flow  has  been  shown 
to  be  accurate  provided  at  least  384  spheres  were  collected  in  the  tissues  and  reference  withdrawal 
sample  (Buckberg  et  al,  1971).  We  injected  between  2.5-2.8x10®  microspheres  per  isotope  into  the 
left  atria  suspended  in  0.9%  NaCI  and  0.01%  Tween  80.  We  established  that  the  injected  number 
of  spheres  does  not  alter  general  hemodynamics  and  yields  an  adequate  density  of  spheres 
(384/tissue)  in  the  retina  by  which  to  perform  the  blood  flow  calculations  (Buckberg  et  al,  1971  & 
Nose,  1985). 

Radiolabelled  microspheres  were  sonicated  for  at  least  30  minutes  prior  to  injection, 
vortexed  before  withdrawal  into  a  3cc  injection  syringe,  and  injected  via  a  catheter  into  the  left 
atrium.  Injection  of  the  microspheres  into  the  left  atria  Insures  an  adequate  mixing  of  the 
microspheres  with  the  blood  before  ejection  into  the  systemic  circulation  (Buckberg  et  al,  1971). 
Homogeneous  distribution  of  the  microspheres  in  the  vasculature  was  confirmed  by  evaluating  total 
blood  flow  to  the  kidneys.  To  optimize  injection  efficiency,  the  injection  syringe  was  flushed  twice 
with  heparinized  saline  and  these  flushes  were  injected  into  the  left  atria.  Intra-atrial  microsphere 
injections  were  made  over  a  30  second  interval.  The  sequence  of  microsphere  isotope  injections 
was  randomized.  The  following  six  gamma-emitting  radionuclides:  153Gd,  114ln,113Sn,  ^Sr,  ^Nb, 
^Sc  with  a  specific  activity  of  7-15  mCi/g,  were  utilized  to  determine  regional  blood  flow  to  the  eyes 
at  each  of  six  perfusion  pressures. 

Organ  blood  flow  was  determined  by  the  following  formula  and  expressed  as  milliliters/minute/100 
grams  dry  tissue  weight: 
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ocular  blood  flow  =  (counts  in  ocular  tissue)  X  (reference  withdrawal  rate)  X  (100)  (5) 

(dry  tissue  weight)  X  (counts  in  reference  withdrawal) 

The  ratio  of  flow  to  counts  in  the  blood  reference  withdrawal  sample  (  Qr  /  Cr  )  is 
theoretically  the  same  as  the  ratio  of  total  cardiac  output  (  C.O.t )  to  total  counts  injected  (  Ct ). 
This  enables  cardiac  output  to  any  tissue  to  be  calculated  if  blood  flow  to  tissue  and  Its  radioactivity 
are  known.  The  cardiac  output  (C.O.)  can  be  determined  by  the  following  formula: 


C.O.  =  (counts  injected)  X  (withdrawal  rate) 

(counts  in  reference  withdrawal)  (6) 


Counts  injected  refers  to  total  counts  available  as  determined  from  the  source  vial  minus 
residual  counts  in  injection  syringe  and  cardiac  catheter.  Counts  in  reference  withdrawal  refers  to 
total  counts  minus  average  ambient  background  counts. 

Determination  of  Vascular  Resistance 

Vascular  resistance  (mmHg/ml-min  lOOgm  dry  weight)  was  calculated  by  dividing  the 
ocular  perfusion  pressure  at  the  time  of  microsphere  injection  by  regional  flow.  Vascular  resistances 
for  the  D-NAME  and  L-NAME  treated  animals  for  the  retina,  choroid,  and  anterior  uvea  were 
determined. 

Quantitation  Of  Autoreaulation 

Quantitation  of  blood  flow  autoregulation  was  assessed  by  the  method  of  Norris  et  al  (1 979) 
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and  Granger  &  Norris  (1980).  The  perfusion  pressure-flow  data  for  D-NAME  and  L-NAME  treated 
animals  were  normalized  to  control  ocular  perfusion  pressure  (OPPJ  and  control  retinal  blood  flow 
(QJ  for  each  group.  The  pressure-flow  relationship  is  expressed  as  the  ratio  of  the  control 
pressure-flow  point  for  each  group.  Since  the  relationship  between  retinal  blood  flow  (Q)  and  ocular 
perfusion  pressure  (OPP)  was  non-linear,  we  utilized  polynomial  regression  analysis  (Marquart- 
Levenberg  algorithm  based  on  least-squares)  to  generate  a  best-fit  line  for  the  normalized  perfusion 
pressure-flow  data  points  (GB-Stat  Version  4.0,  Dynamic  Microsystems,  Inc.  Silver  Spring,  MD).  The 
complexity  of  the  polynomial  regression  equation  was  selected  based  on  the  more  accurate  fit  for 
the  data  (Bevington,  1969).  Higher  order  polynomial  regressions  were  tested,  but  did  not  show  a 
significant  improvement  in  the  fit  and  therefore  were  rejected. 

To  establish  statistically  significant  variations  between  the  D-NAME  and  L-NAME  polynomial 
regressions  an  F-statistic  was  utilized  to  compare  the  two  resultant  polynomial  equations.  The  F- 
statistic  was  calculated  as  described  by  Granger  &  Norris  (1980)  and  Motulsky  &  Ransnas  (1987). 
The  error  sum  of  squares  for  each  second  degree  polynomial  regression,  and  the  error  sum  of 
squares  from  a  second  degree  polynomial  regression  on  the  combined  data  pool  were  calculated 
as  follows: 


(ESSd+l  -  ESSd  -  ESSJ/(dfD+L  -  dfj) 


F  = 


(7) 


(ESSd  +  ESSl)/  dfj 


Where  ESS  is  the  error  sum  of  squares  for  the  D-NAME  or  L-NAME  regressions,  and  df  is 
the  degrees  of  freedom  for  the  combined  (dfD+L  =  69)  and  individual  regressions  (dfj  =  33). 

The  value  for  the  F  statistic  was  interpolated  from  the  table  for  critical  values  of  the  F- 
distribution  for  an  alpha  of  0.05  and  the  appropriate  degrees  of  freedom.  Two  regressions  on  the 
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whole  can  be  nonsignificantly  different  from  each  other,  yet  demonstrate  significant  differences  in 
blood  flow  at  specified  ocular  perfusion  pressures.  We  established  95%  confidence  limits  along 
each  polynomial  regression.  We  compared  the  overlap  of  the  95%  confidence  limits  along  the 
regression  lines.  Overlap  of  the  95%  confidence  limits  at  specific  regions  along  the  regressions 
demonstrate  that  the  two  regressions  are  not  significantly  different  at  these  specified  values. 
Regions  where  the  95%  confidence  limits  are  non-overlapping  demonstrate  significant  differences 
in  ocular  blood  flows  at  the  specific  ocular  perfusion  pressures. 

Determination  of  Compensatory  Power  in  Blood  Flow  Regulation 

The  degree  of  compensation  in  the  autoregulatory  capacity  of  the  retinal  vasculature  was 
determined  for  the  mean  pressure-flow  (OPP,  Q)  relationships  at  six  experimentally  determined 
values  along  the  pressure-flow  curve  utilizing  the  closed  loop  gain  formula  for  the  flow  regulator 
(Norris  et  al,  1979;  Ueeda  et  al,  1992;  Borgdorff  et  al,  1988;  Granger  &  Norris,  1980;  Griffith  & 
Edwards,  1990).  In  addition,  the  compensatory  power  in  blood  flow  regulation  was  assessed  by 
defining  the  polynomial  equation  in  arbitrary  0.10  increments  in  OPP/OPPc  applied  to  the  closed 
loop  gain  formula: 


Gc  =  1-[(aQ/Q/(aP/P)] 


(8) 


where  (aQ/Q/aP/P)  is  the  slope  of  the  normalized  perfusion  pressure-flow  curve  at  the  given 
points  (OPP.Q).  Where  P  and  Q  are  specific  ocular  perfusion  pressure  and  ocular  blood  flow 
points,  respectively  and  aP=  Pinitja|  -  P,  and  aQ  =  QjnitjaJ  -  Q.  When  Gc  is  greater  than  unity 
(Gc>1)  it  denotes  overcompensation  of  blood  flow.  When  Gc  is  equal  to  unity  (Gc  =  1)  the  slope 
of  the  normalized  perfusion  pressure-flow  curve  is  zero.  This  occurs  when  flow  is  independent  of 
perfusion  pressure  and  is  indicative  of  perfect  autoregulatory  capacity.  When  Gc  equals  zero  (Gc 
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=  0)  blood  flow  changes  proportionally  with  perfusion  pressure  which  is  characteristic  of  a  pressure 
passive,  nonautoregulating  vascular  bed.  When  Gc  is  a  fractional  component  of  unity  (e.g.,  Gc  = 
0.3)  It  denotes  that  flow  regulation  in  a  given  vascular  bed  Is  able  to  compensate  for  30%  of  the 
applied  perturbation.  A  positive  Gc  is  indicative  of  autoregulation.  A  negative  Gc  is  indicative  that 
the  change  in  flow  is  proportionally  greater  than  the  applied  change  in  pressure.  This  would  occur 
at  ocular  perfusion  pressures  below  the  lower  limit  of  the  autoregulatory  plateau. 

Statistical  Analysis 

For  the  temporal  control  studies  a  two-factor  repeated  measures  ANOVA  was  performed 
to  determine  whether  or  not  there  were  significant  differences  in  retinal,  choroidal,  and  anterior  uveal 
blood  flow  values  of  the  left  eye  versus  the  right  eye  over  the  various  time  points.  A  two-tailed 
unpaired  T-test  was  performed  to  compare  flows  at  6  minutes  and  at  the  84  minutes  time  point  (±1 
minutes). 

One  way  repeated  measures  ANOVA  with  Bonferroni  multiple  comparisons  were  conducted 
within  each  experimental  group  to  compare  blood  flows  at  each  ocular  perfusion  pressure  to 
baseline  control  blood  flow  values.  A  two-factor  repeated  measures  ANOVA  with  Bonferroni  multiple 
comparisons  were  conducted  between  the  D-NAME  and  L-NAME  treated  groups  to  determine 
significant  differences  in  blood  flow  measurements  at  each  ocular  perfusion  pressure.  Retinal  blood 
flows  in  the  D-NAME  and  L-NAME  groups  were  analyzed  using  polynomial  regression  and  protected 
T-tests.  Linear  regression  analysis  was  utilized  to  characterize  the  relationship  of  choroidal  and 
anterior  uveal  blood  flows  at  the  various  ocular  perfusion  pressures.  The  95%  confidence  limits 
along  the  linear  regression  for  mean  blood  flow  values  in  the  L-NAME  and  D-NAME  treated  animals 
were  utilized  to  compare  to  compare  uveal  blood  flow  after  L-arginine  administration.  A  paired  two- 
tailed  T-test  comparing  left  versus  right  total  kidney  flow  in  the  D-NAME  and  L-NAME  treated  animals 
was  used  to  verify  homogeneity  of  microsphere  distribution.  Differences  between  data  were 
considered  to  be  significant  when  p  <  0.05. 


RESULTS 


Temporal  Control  Studies: 

We  have  obtained  consistent  baseline  blood  flow  values  for  the  retina,  choroid,  and  anterior  uvea 
(Table  V.  &  Figure  7).  Consistent  eye  blood  flow  measurements  were  obtained  for  all  temporal 
control  animals.  Bilateral  baseline  intraocular  pressures  (left  12  ±  1  mmHg;  right  10  ±  1  mmHg) 
and  ocular  perfusion  pressures  (left  70  ±  8  mmHg;  right  67  ±  8  mmHg)  for  our  temporal  control 
studies  did  not  differ  significantly  from  each  other.  Statistical  analysis  for  combined  ocular  flows 
showed  that  retinal  (F  =  1.28  ,p  >  0.2),  choroidal  (F  =  0.23,  p>  0.8)  and  anterior  uveal  (F  =  0.23, 
p  =  0.9)  blood  flows  did  not  vary  significantly  at  time  points  greater  than  6  ±  1  minutes  and  were 
stable  by  24  ±  1  minutes  post-surgery.  Results  of  a  two-factor  repeated  measures  ANOVA  which 
compared  the  left  versus  the  right  ocular  blood  flows  showed  no  significant  unilateral  difference  In 
ocular  blood  flows  at  any  of  the  time  points  (  >  6  ±  1  minutes  ).  A  two-tailed  unpaired  T-test 
comparing  ocular  blood  flow  at  6  ±  1  minutes  and  at  84  ±  1  minutes  showed  no  significant 
difference  (p  >  0.05)  in  retinal,  choroidal,  and  anterior  uveal  blood  flows  at  the  two  time  points. 
Blood  gas  analysis  at  the  various  time  points  were  stable  and  are  shown  in  Table  VI. 

D-NAME  and  L-NAME  Treated  Animals: 

Baseline  intraocular  pressures  between  D-NAME  (left  13  ±  1  mmHg;  right  12  ±  1  mmHg)  and  L- 
NAME  (left  11  ±  1  mmHg;  right  12  ±  1  mmHg)  treated  animals,  as  well  as  left  and  right  eye  IOP 
within  each  group  did  not  vary  significantly.  Comparison  of  baseline  ocular  perfusion  pressures 
between  the  two  groups  revealed  statistically  significant  differences  (D-NAME:  left  82  ±  4  mmHg, 
right  83  ±  3  mmHg  ;  L-NAME:  left  106  ±  3  mmHg,  right  106  ±  2  mmHg).  We  changed  the 
perfusion  gradient  to  the  eye  by  increasing  IOP,  rather  than  controlling  mean  arterial  pressure. 
Ocular  blood  flow  values  for  D-NAME  and  L-NAME  treated  groups  at  six  ocular  perfusion  pressures 
were  determined  (Table  VII  &  Figure  8). 
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Table  V:  Ocular  blood  flow  measurements  (ml/min/100  gm  dry  tissue)  for  the  retina,  choroid  and 
anterior  uvea  at  various  time  points  post-completion  of  surgical  protocol.  Time  zero  was  designated 
as  the  completion  of  the  anterior  eye  chamber  cannulation.  Repeated  measures  ANOVA  comparing 
blood  flows  after  time  point  of  6  minutes  revealed  no  differences  in  blood  flow  over  time.  No 
differences  in  blood  flow  were  obtained  between  left  and  right  eyes.  A  two-tailed  unpaired  T-test 
at  6  minutes  compared  to  84  minutes  revealed  a  nonsignificant  difference  in  blood  flow. 


Table  V.  OCULAR  BLOOD  FLOW  (ml/min/lOOgm  dry  wt)  VERSUS  TIME  POST-COMPLETION  OF  SURGICAL  PROTOCOL 
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Figure  7:  Ocular  blood  flow  determinations  for  the  retina,  choroid,  and  anterior  uvea  from  each  eye 
(left  and  right)  were  determined  in  six  piglets  at  six  pre-determined  time  intervals.  Shown  are  mean 
(±  SEM)  blood  flows  for  each  eye,  dashed  lines  represent  the  combined  mean  ocular  flow.  Time 
zero  was  designated  as  the  completion  of  the  cannulation  procedure  to  the  anterior  eye  chambers. 
Sequential  blood  flow  determinations  were  obtained  at  an  average  time  (±  1)  of  6,  24,  44,  64,  84, 
106  minutes  post  completion  of  the  surgical  protocol.  Blood  flow  stability  was  obtained  by  24 
minutes  post-surgery.  Prior  to  this  time  point  there  was  a  greater  variability  in  blood  flow  values. 
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Table  VI:  Arterial  blood  data  taken  for  the  temporal  control  studies  (n  =  6).  Blood  gases  were 
determined  prior  to  each  microsphere  injection.  Blood  gas  parameters  of  pH,  PC02,  and  P02  were 
within  physiological  limits  and  stable  for  the  duration  of  the  experimental  protocol. 


Table  VI.  ARTERIAL  BLOOD  DATA  FOR  TEMPORAL  CONTROL  STUDIES 
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Choroidal  Bl&Od  Flow: 

The  retalionship  between  choroidal  Wood  flow  and  ocular  podusion  pressures  was  linear  for  both 
□-NAME  (r=0.80)  and  L-NSAME  (r  =  0.75)  treated  animus  (Figured).  Choroidal  autpregulatiOil  was 
not  apparent,  Bonfempni;  multiple  comparisons  revealed  significant  (P<  ,01)  decreases  in  bipod  flow 
at  aJI  ocular  perfusion  pressures  when  compared  to  control  for  both  D-NAME  and  L-NAME  trealed 
animals  Mean  baseline  choroidal  blood  flow  with  L-NAME  showed  a  47%  decrease  (p<.001) 
compared  to  D-NAME.  Mean  choroidal  Wood  flows  were  decreased  in  the  L-NAME  treated  animals 
at  eaph.  ocULsr  pertuslon  pressure  when  compared  to  D-NAME,  Two-factor  repeated  measures 
ANOVAwilh  BonFerroni  multiple  comparison  tests  of  choroidal  Wood  flow  with  D-NAME  and  L-NAME 
revealed  significant  blood  How  reductions  (p<.Qlji  at  ocular  perfusion  pressures  of  SO  and  6C 
mmHg. 

Anterior  Uvw  Btood  Flare 

The  relationship  between  anterior  uvea  blood  How  and  ocular  perfusion  pressures  was  linear 
for  both  D-NAME  (r>0.74)  and  L-NAME  (r  - BGJ  treated  animals  (Figure  8>  Repealed  measures 
ANQVA  with  Bcntenonl  multiple  comparisons  revealed  significant  reductions  in  btood  How  from 
control  values  at  all  ocular  perfusion  pressures  tested  (p=  <  G  DI).  Mean  baseline  anterior  uvea 
blood  flow  with  L-NAME  showed  a  43%  decrease  (p<  0.01)  compared  to  D-NAME,  no  significant 
reduction  in  blood  flows  between  treatment  groups  were  obtained  at  lower  ocular  peffu&on 


pressures 
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Table  Vll:  Retinal,  choroidal,  and  anterior  uveal  blond  How  measurements  at  various  perfusion 
pressures  in  the  presence  of  O-WAME  and  L-NAME.  Significant  differences  Irpm  baseline  retina! 
blood  flows  were  obtained  with  D-NA.ME  at  GPP  of  20  mmHg.  With  L-NAME  significant  differences 
from  baseline  blood  Nows  were  obtained  01  OPP  0!  40,  30,  and  20  mrriHg.  Baseline  .retinal  blood 
flows  for  both,  groups  w era  In  dose  agreement.  Significant  reductions  In  choroidal  blood  flow  with 
L-NAME  were  seen  at  control  OPP,  60  rmmHg,  and  at  50'  mmHg.  Significant  blood  flow  reductions 
in  the  antenor  uvea  were  obtained  with  L-NAME  al  baseline  ocular  perfusion  pressure  when 
compared  to  D-NAME. 


Table  VII.  OCULAR  BLOOD  FLOW  (ml/min/lOOgm  dry  wt)  AT  VARIOUS  PERFUSION  PRESSURES  WITH  D-NAME  AND  L-NAME 
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Figure  8:  Shown  are  the  mean  (±  SEM)  blood  flows  (BF)  at  six  ocular  perfusion  pressures  (OPP) 
in  the  presence  of  (★)  D-NAME  or  (O)  L-NAME  (n=6  in  each  group).  For  all  figures  the  first 
measurement  from  the  right  in  each  group  is  the  baseline  control  flow-pressure  measurement.  A 
one-way  repeated  measures  ANOVA  with  Bonferroni  multiple  comparisons  was  conducted  to 
compare  BF  at  the  various  OPP  to  baseline  control  flow  within  each  group.  Two-factor  repeated 
measures  ANOVA  with  Bonferroni  multiple  comparisons  was  utilized  to  compare  retinal,  choroidal 
and  anterior  uveal  blood  flows  between  the  D-NAME  and  L-NAME  treated  groups  at  a  specific  OPP. 
Mean  baseline  retinal  BF  did  not  differ  significantly  in  the  two  groups.  For  D-NAME  treated  group 
significant  retinal  BF  differences  from  baseline  control  were  obtained  at  an  OPP  of  20mmHg 
(denoted  by  *).  Flows  at  higher  OPPs  did  not  vary  significant  from  D-NAME  baseline  control.  The 
L-NAME  group  revealed  significant  reductions  from  L-NAME  baseline  retinal  BF  at  an  OPP  of  40 
mmHg  and  below  (denoted  by  *).  Significant  differences  in  flow  between  D-NAME  and  L-NAME 
groups  (F=  4.39,  p  <  0.05)  were  obtained  at  OPP  of  60  mmHg  and  below  (protected  T-tests) 
(denoted  by  a).  Mean  baseline  choroidal  and  anterior  uveal  BF  with  L-NAME  showed  a  47%  and 
a  43%  decrease  in  BF,  respectively  compared  to  baseline  BF  with  D-NAME.  For  both  groups 
significant  BF  differences  from  baseline  controls  were  obtained  at  OPPs  of  60  mmHg  and  below 
(denoted  by  -  *).  Significant  decreases  in  choroidal  BF  between  D-NAME  and  L-NAME  groups 
were  obtained  at  OPP  of  60  mmHg  and  50  mmHg  (F=  4.38;  p< 0.05) (denoted  by  a).  No  significant 
differences  in  choroidal  BF  between  groups  were  obtained  at  OPP  below  50  mmHg.  Linear 
regression  analysis  (solid  lines)  on  the  raw  data  revealed  an  r=0.80  and  r=0.75  for  the  D-NAME  and 
L-NAME  treated  groups,  respectively.  Significant  decreases  in  anterior  uveal  BF  between  groups 
were  obtained  only  at  baseline  OPP  (denoted  by  a).  Linear  regression  analysis  (solid  lines)  on  the 
raw  data  revealed  an  r=0.74  and  r=0.86  for  the  D-NAME  and  L-NAME  treated  groups,  respectively. 
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Retinal  Blood  Flow:  A  two-factor  repeated  measures  ANOVA  comparing  retinal  blood  flows  with  D- 
NAME  and  L-NAME  over  the  various  ocular  perfusion  pressures  revealed  a  significant  treatment 
effect  (F  =  4.39,  p=  0.004).  These  results  are  shown  in  Table  VII  and  illustrated  in  Figure  8. 
Protected  T-tests  comparing  retinal  blood  flow  between  D-NAME  and  L-NAME  at  the  various  ocular 
perfusion  pressures  revealed  significant  differences  (p  <  0.05)  at  OPP  of  60  mmHg  and  below.  A 
one-way  repeated  measures  ANOVA  with  Bonferroni  multiple  comparisons  within  each  group 
demonstrated  that  retinal  blood  flow  in  the  D-NAME  treated  animals  differed  significantly  from 
baseline  flows  only  at  an  ocular  perfusion  pressures  of  20  mmHg.  While  retinal  blood  flow  in  the 
L-NAME  treated  animals  differed  significantly  from  baseline  flows  at  ocular  perfusion  pressures  of 
20,  30,  and  40  mmHg. 

Retinal  Autoregulation: 

The  relationship  between  retinal  blood  flow  and  ocular  perfusion  pressure  was  non-linear  (Figure 
9  bottom).  A  second  order  polynomial  regression  for  each  group  yielded  the  best-fit  lines  for  the 
data,  the  correlation  coefficient  for  each  polynomial  regression  was  r=0.69.  An  F-Statistic 
comparison  between  the  two  polynomial  regressions  demonstrated  that,  on  the  whole,  the  two 
regressions  did  not  differ  significantly.  The  F-statistic  revealed  an  ESSL=2.15,  ESSD=1.32, 
ESSL+D=  3.99,  and  the  value  for  F=  0.14.  The  interpolated  value  of  the  F-distribution  (F  05(36,33]) 
is  approximately  F=  1.8.  The  95%  confidence  limits  along  each  regression  demonstrates  that 
between  the  normalized  ocular  perfusion  pressures  from  0.26  to  0.65  there  is  no  overlap  of  the  95% 
confidence  limits  for  the  polynomial  regressions.  Therefore,  significantly  different  retinal  blood  flows 
exist  between  this  specific  range  of  ocular  perfusion  pressures.  The  autoregulatory  gain  values  for 
retinal  blood  flows  were  positive  with  both  D-NAME  and  L-NAME,  indicative  of  some  autoregulation 
in  both  groups  (Figure  9  top).  The  autoregulatory  gain  (GJ  for  retinal  blood  flow  with  D-NAME  at 
OPP/OPPc  of  0.40  (OPP=  30  mmHg)  is  approximately  0.80,  indicative  of  extensive  autoregulatory 
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Figure  9: 

Top:  The  autoregulatory  gain  (Gc)  of  the  retinal  circulation  determined  at  the  normalized  perfusion 
pressure  points.  Gc  is  defined  by  applying  the  gain  formula  to  the  second  order  polynomial 
equations.  For  D-NAME:  Q/Qc  =  -0.0793  +  3.3363  (OPP/OPPc)  -  2.2738  (OPP/OPPc)2  .  For  L- 
NAME:  Q/Qc  =  -0.0667  +  2.4143  (OPP/OPPc)  -  1.3637  (OPP/OPPc)2.  Solid  symbols  (★  =  D- 
NAME;  •  =  L-NAME)  represent  the  mean  flow-pressure  relationships  at  five  experimentally 
determined  values.  Open  symbols  (O)  represent  calculated  values  obtained  by  defining  the 
polynomial  equation  in  arbitrary  0.10  increments  in  OPP/OPPc  applied  to  the  gain  formula.  The 
arrowed  vertical  lines  represent  statistically  significant  differences  in  autoregulatory  gain  as 
determined  from  non-overlapping  95%  confidence  limits  for  the  polynomial  regressions  in  the  figure 
below. 


Bottom:  Retinal  Blood  flows  (Q)  and  Ocular  Perfusion  Pressure  (OPP)  data  normalized  to  control 
flow-pressure  values  (Qc,  OPP0,  respectively).  Shown  are  mean  (±SEM)  retinal  blood  flow  with  (★) 
D-NAME  and  (O)  L-NAME  at  six  flow-pressure  points.  The  raw  data  in  each  group  (n=36)  were  fit 
by  a  least  squares  method  (both  groups  r=0.69)  to  a  second  order  polynomial  equation 
(Y=A  +  B(X)  +  C(X)2),  represented  by  the  solid  curved  lines.  An  F-statistic  comparison  of  the  two 
polynomial  regressions  revealed  a  non-significant  difference  between  the  two  regressions  on  the 
whole.  The  95%  confidence  limits  along  each  regression  are  shown  by  the  dotted  lines.  Only  the 
lower  95%  confidence  band  for  the  D-NAME  and  the  upper  95%  confidence  band  for  the  L-NAME 
treated  groups  are  shown.  Regions  where  non-overlapping  95%  confidence  limits  occur  are 
denoted  between  the  arrowed  vertical  lines.  Non-overlapping  95%  confidence  limits  demonstrate 
significantly  different  retinal  blood  flows  at  the  specific  range  of  ocular  perfusion  pressures 
(OPP/OPPc  =  0.26  to  0.65). 


Autoregulatory  Gain  (Gc) 
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capacity.  At  an  OPP  of  40  mmHg  Gc  was  1 .06  indicating  complete  autoregulation.  By  contrast, 
with  L-NAME  at  OPP/OPPc  of  0.27  and  0.37  (OPP=  30  and  40  mmHg,  respectively)  the  Gc  is  0.31 
and  0.47  indicating  that  the  retinal  vasculature  was  able  to  compensate  for  31%  and  47%  of  the 
applied  disturbance  and  has  lost  approximately  69%  and  53%  of  its  autoregulatory  capacity  at  these 
ocular  perfusion  pressures,  respectively.  A  Gc  greater  than  unity  was  obtained  with  D-NAME  at 
OPP/OPPc  of  0.61,  and  0.73  (0PP=  50  and  60  mmHg,  respectively).  At  these  ocular  perfusion 
pressures  with  D-NAME  the  Gc  was  able  to  compensate  fully  to  the  applied  disturbance  and  even 
demonstrates  over  compensation  of  blood  flow  regulation.  No  Gc  >  1  was  observed  at  any  ocular 
perfusion  pressure  with  L-NAME.  At  an  ocular  perfusion  pressure  of  20  mmHg  the  autoregulatory 
gain  is  approximately  0.47  with  D-NAME  and  0.17  with  L-NAME  indicating  some  autoregulatory 
capacity.  Extrapolated  values  at  lower  OPP/OPPc  approach  zero  as  would  be  predicted  when  near 
the  lower  limit  of  retinal  autoregulatory  capacity.  Non-significant  differences  in  Gc  between  the  two 
groups,  based  on  overlapping  of  95%  confidence  limits,  were  observed  at  ocular  perfusion 
pressures  of  20  mmHg  and  60  mmHg. 

Values  obtained  for  the  autoregulatory  gain  (G^  of  the  retinal  circulation  coincide  nicely  with 
those  predicted  by  applying  arbitrary  0.10  increments  in  OPP/OPPc  applied  to  the  gain  formula. 
Therefore,  the  second  order  polynomial  regression  provided  an  accurate  prediction  of  the  data. 

Contralateral  Eve  Blood  Row  : 

Four  animals  were  utilized  for  the  D-NAME  treated  group  and  five  animals  were  utilized  for 
the  L-NAME  treated  group.  Intraocular  pressure  was  maintained  near  baseline  and  continuously 
monitored.  Retinal  blood  flows  for  the  contralateral  eye  were  stable  for  the  duration  of  the 
experimental  protocol.  Within  each  group  blood  flows  did  not  vary  significantly  at  the  measured 
time  points.  Blood  flows  with  the  L-NAME  treated  group  were  consistently  lower,  but  not 
significantly  different  from  the  D-NAME  treated  group.  These  results  are  shown  in  Table  VIII  and 
Figure  10.  Choroidal  blood  flow  with  L-NAME  was  reduced  at  all  time  points  compared  to  D-NAME 


78 


Table  VIII:  Contralateral  eye  blood  flow  at  the  various  time  points  in  the  presence  of  D-NAME  and 
L-NAME 


r&ble  VIII.  CONTRALATERAL  EYE  BLOOD  FLOW  (ml/min/100  gm  dry  wt)  AT  VARIOUS  TIME  POINTS  WITH  D-NAME  AND  L-NAME 
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Figure  10:  Shown  are  the  mean  (±  SEM)  blood  flows  for  the  contralateral  eye  at  six  time  points 
in  the  presence  of  (★)  D-NAME  (n=5)  or  (O)  L-NAME  (n=6).  The  intraocular  pressure  of  the 
contralateral  eye  was  maintained  near  baseline  and  was  continously  monitored.  For  all  figures  the 
first  symbol  from  the  left  in  each  group  are  the  baseline  control  flow-temporal  measurements.  Blood 
flow  within  each  group  were  compared  to  baseline  flow  values  using  repeated  measures  ANOVA 
with  Bonferroni  multiple  comparisons.  Consistent  blood  flow  values  were  obtained  at  time  intervals 
in  which  significant  differences  in  blood  flow  were  obtained  in  the  experimental  eye. 

Retina:  Blood  flows  were  stable  for  the  duration  of  the  experimental  protocol  in  both  groups. 
Retinal  blood  flow  in  the  L-NAME  treated  group  was  consistently,  but  not  significantly  reduced  (D- 
NAME  group  n=5).  One  way  ANOVA  with  Bonferroni  multiple  comparisons  was  utilized  to  compare 
blood  flows  within  each  group  over  time. 

Choroid:  Blood  flows  were  significantly  reduced  with  L-NAME  when  compared  to  D-NAME 
(denoted  by  a).  Consistent  blood  flow  measurements  were  obtained  with  L-NAME  from 
approximately  100  to  190  minutes,  at  longer  time  points  significant  reductions  from  L-NAME  baseline 
blood  flow  were  obtained  (denoted  by  *).  In  the  D-NAME  treated  group  blood  flow  was  consistent 
until  at  least  1 40  minutes  post  surgery.  At  later  time  points  significant  reductions  in  blood  flows 
were  obtained  (denoted  by  *  -). 

Anterior  uvea:  Blood  flow  was  significantly  reduced  with  L-NAME  when  compared  to  D-NAME. 
Consistent  blood  flow  measurements  were  obtained  with  L-NAME  from  approximately  100  to  160 
minutes,  at  longer  time  points  significant  reductions  from  L-NAME  baseline  blood  flow  were  obtained 
(denoted  by  *).  In  the  D-NAME  treated  group  blood  flow  was  consistent  until  at  least  140  minutes 
post  surgery.  At  later  time  points  significant  reductions  in  blood  flows  were  obtained  (denoted  by 
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choroidal  blood  flows.  Consistent  blood  flows  were  obtained  for  the  two  treatment  groups  until  at 
least  140  minutes  post-surgery.  At  later  time  points  significant  reductions  in  blood  flow  were 
obtained.  Mean  arterial  and  OPP  in  the  contralateral  eye  over  time  were  stable.  Slight  elevations 
in  MAP  and  OPP  were  observed  starting  at  140  minutes  in  the  D-NAME  treated  group  (Figure  11). 

Blood  Gas  Analysis  For  D-NAME.  L-NAME,  and  Contralateral  Eve: 

Blood  gas  parameters  of  pH.  PC02,  and  P02  between  the  D-NAME  and  L-NAME  treatment 
groups  did  not  vary  significantly  and  were  within  physiological  limits  as  shown  in  Table  IX.  The  P02 
in  the  L-NAME  treated  animals  was  on  the  average  consistently  higher  (10  mmHg)  than  with  D- 
NAME,  but  physiologically  and  statistically  not  significant.  On  the  average,  hematocrit  was  4%  lower 
in  the  D-NAME  treated  animals  but  it  is  not  significantly  different  from  L-NAME. 

Mean  Arterial  Pressure  (MAPI  and  Intraocular  Pressure  (IOP1  Matched  Animals: 

The  D-NAME  and  L-NAME  treated  animals  were  matched  by  mean  arterial  and  mean 
intraocular  pressures.  Based  on  the  selection  criteria,  of  matched  IOP  and  MAP  between  groups, 
blood  flow  comparisons  were  conducted  on  a  selected  number  of  animals  and  not  the  full 
complement  of  animals.  Comparisons  of  blood  flow  between  treatment  groups  at  each  ocular 
perfusion  pressure  were  conducted  using  one  way  ANOVA  with  Bonferroni  multiple  comparisons. 
With  the  exception  of  choroidal  blood  flow  at  an  ocular  perfusion  pressure  of  20  mmHg,  ocular 
blood  flows  in  the  L-NAME  treated  animals  were  reduced  at  each  OPP  when  compared  to  D-NAME 
flows.  A  statistically  significant  difference  in  retinal  blood  flow  between  groups  was  obtained  at  an 
OPP  of  30  mmHg.  A  significant  difference  (p<0.001)  in  choroidal  blood  flow  between  treatment 
groups  was  obtained  at  an  OPP  of  60  mmHg.  No  significant  differences  in  blood  flow  between 
groups  were  obtained  for  the  anterior  uvea.  These  results  are  shown  in  Figure  12. 
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Figure  11:  Mean  arterial  pressure  (MAP)  and  ocular  perfusion  pressure  (OPP)  in  the  contralateral 
eye  over  time  for  the  D-NAME  and  L-NAME  treated  animals.  Intraocular  pressure  (IOP)  was 
maintained  near  baseline  pressures  (12  ±  2  mmHg)  for  the  duration  of  the  experimental  protocol. 
Ocular  perfusion  pressure  is  defined  as  MAP-IOP. 
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Table  IX:  Anaerobic  arterial  blood  gas  analysis  for  the  D-NAME  and  L-NAME  treated  groups  at 
each  OPP  tested.  Blood  gas  analysis  of  pH,  PC02,  P02,  and  Hct  were  conducted  prior  to  each 
microsphere  injection. 
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Figure  12:  Ocular  blood  flow  of  L-NAME  (open  bars)  and  D-NAME  (hatched  bars)  treated  animals. 
Graph  demonstrates  blood  flow  from  several  animals  which  were  matched  in  a  narrow  range  of 
similar  mean  arterial  pressures  at  various  ocular  perfusion  pressures.  Only  matched  animals  are 
included  and  the  graph  does  not  represent  the  full  complement  of  animals.  Ocular  blood  flow  was 
consistently  lower  at  the  various  ocular  perfusion  pressures  in  the  presence  of  L-NAME. 
Significantly  different  blood  flows  between  groups  are  denoted  by  the  asterisk.  Retinal  blood  flow 
was  significantly  different  (p<0.05)  at  an  OPP  of  30  mmHg,  choroidal  blood  flow  was  significantly 
different  at  an  OPP  of  60  mmHg.  No  difference  in  blood  flow  was  obtained  for  the  anterior  uvea. 
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Vascular  Resistances: 

Retinal  vascular  resistances  were  calculated  for  the  D-NAME  and  L-NAME  treated  group 
(Figure  13),  using  repeated  measures  ANOVA  with  Bonferroni  multiple  comparisons.  The  D-NAME 
treated  group  revealed  no  significant  change  in  retinal  vascular  resistance  from  control  at  OPP  of 
30  to  60  mmHg.  L-NAME  treated  group  revealed  significant  increases  in  vascular  resistances  from 
control  at  OPP  of  30  and  40  mmHg.  Significant  differences  (p  <  0.01)  in  vascular  resistance  were 
obtained  between  D-NAME  and  L-NAME  at  OPP  of  30  and  40  mmHg. 

Choroidal  vascular  resistances  in  the  D-NAME  treated  group  were  significantly  greater  (  p 
<  0.01)  than  control  at  OPP  of  30,  40  mmHg.  The  L-NAME  treated  group  revealed  significant 
increases  in  vascular  resistance  from  control  at  30,  40,  and  50  mmHg.  Significant  differences  in 
vascular  resistance  between  groups  were  obtained  at  OPP  of  30,  40,  and  50  mmHg. 

Anterior  Uvea  vascular  resistance  did  not  change  significantly  at  the  tested  ocular  perfusion 
pressures  with  D-NAME.  Significant  increase  (p  <  0.01)  in  vascular  resistance  from  L-NAME  control 
were  obtained  at  an  OPP  of  30  and  40  mmHg.  Vascular  resistances  between  groups  were  not 
significantly  different  at  the  tested  OPP. 

Reversal  with  L-Arainine: 

Baseline  intraocular  pressure  (13  ±  2  mmHg)  and  baseline  ocular  perfusion  pressure  (84 
±  9  mmHg)  were  determined.  Blood  flow  measurements  were  taken  during  L-NAME  infusion  and 
compared  to  blood  flows  obtained  after  L-arginine  bolus  administration  (n=5,  at  high  OPP;  and  n=4, 
at  low  OPP)  (Figure  14).  Retinal  blood  flows  obtained  at  ocular  perfusion  pressures  of  99  ±  4 
mmHg  during  L-NAME  infusion  showed  an  increase  of  6.4%  following  L-arginine  administration.  At 
a  OPP  of  28  ±  3  mmHg  retinal  blood  flow  was  increased  by  17%  following  L-arginine  administration. 
Antagonism  of  NOS  blockade  by  exogenous  L-arginine  was  not  apparent.  Ocular  perfusion 
pressure  decreased  significantly  (p=.035)  to  84  ±  9  mmHg  following  L-arginine  administration.  The 
L-arginine  bolus  antagonized  on  the  average  13.4  ±  7  %  of  the  elevation  in  mean  arterial  pressure 
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Figure  13:  Shown  are  the  mean  (±  SEM)  vascular  resistances  (mmHg/ml-min/IOOgm  dry)  for  the 
experimental  eye  at  five  ocular  perfusion  pressures  in  the  presence  of  (★)  D-NAME  (n=6)  or  (O)  L- 
NAME  (n=6).  For  all  figures  first  symbol  from  the  right  in  each  group  is  the  baseline  vascular 
resistance.  Resistances  within  each  group  were  compared  to  baseline  values  using  repeated 
measures  ANOVA  with  Bonferroni  multiple  comparisons.  Significant  increases  in  vascular 
resistances  from  baseline  values  within  each  treatment  group  are  denoted  by  the  asterisk. 

Retina:  Significant  differences  in  vascular  resistance  from  baseline  (denoted  by  *)  and  between 
treatment  groups  (denoted  by  a)  were  obtained  at  ocular  perfusion  pressures  of  30  and  40  mmHg. 
Choroid:  Significant  differences  in  vascular  resistance  from  baseline  (denoted  by  *)  and  between 
treatment  (denoted  by  a)  groups  were  obtained  at  ocular  perfusion  pressures  of  30,  40,  50  mmHg. 
Anterior  uvea:  No  apparent  change  in  vascular  resistance  form  baseline  values  were  obtained  for 
the  D-NAME  treated  group.  Significant  differences  in  resistance  from  L-NAME  baseline  are  denoted 
by  the  asterisk. 
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Figure  14:  Reversal  of  NOS  blockade  with  exogenous  L-arginine  administration  (n=5). 
Represented  by  solid  lines  are  the  blood  flow  values  for  the  retina,  choroid,  and  anterior  uvea  from 
the  D-NAME  and  L-NAME  treated  animals  (n  =  1 2).  Dashed  lines  represent  95%  confidence  limits. 
Symbols  represent  mean  (±  SEM)  blood  flow  after  30  minutes  of  (O)  L-NAME  infusion  (30 
mg/kg/hr)  and  after  10  minutes  of  180  mg/kg  intra-atrial  bolus  administration  of  (•)  L-arginine,  in 
addition  to  the  constant  L-NAME  infusion.  One  randomly  selected  eye  was  maintained  at  baseline 
OPP  while  the  contralateral  eye  had  its  OPP  lowered  to  28  ±  3  mmHg  on  the  same  animal.  The 
mean  and  SEM  values  of  uveal  blood  flows  following  L-arginine  administration  at  the  high  OPP  were 
above  the  95%  confidence  limits  for  the  mean  blood  flow  values  obtained  for  L-NAME  treated 
animals.  This  increase  in  blood  flow  was  not  statistically  significant  (two  tail  T-test)  when  compared 
to  baseline  L-NAME  blood  flow.  Antagonism  of  NOS  blockade  in  the  retina  by  exogenous  L-arginine 
was  not  apparent. 
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Choroidal  induced  with  L-NAME  infusion  (from  112  ±  3  mmHg  to  97  ±  8  mmHg). blood  flow  at  an 
ocular  perfusion  pressure  of  84  ±  9  mmHg  showed  a  32.6%  increase  following  L-arginine  bolus 
administration  when  compared  to  L-NAME.  Anterior  uveal  blood  flow  increased  by  26.5%  following 
L-arginine  administration  when  compared  to  L-NAME.  The  mean  and  standard  error  of  the  mean 
values  of  choroidal  and  anterior  uveal  blood  flows  following  L-arginine  administration  at  the  high 
OPP  were  above  the  95%  confidence  limit  for  the  mean  blood  flow  values  obtained  for  L-NAME 
treated  animals.  At  a  OPP  of  28  ±  3  mmHg  choroid  and  anterior  uveal  blood  flows  following  L- 
arginine  were  within  the  95%  confidence  limit  for  the  D-NAME  treated  groups.  Blood  gas  analysis 
comparison  between  pre-L-arginine  and  post  L-arginine  conditions  are  shown  in  Table  X.  No 
significant  differences  were  obtained. 

Kidney  Flows: 

A  two-tailed  paired  T-test  comparing  bilateral  total  kidney  blood  flow  for  the  D-NAME  and  L-NAME 
treated  animals  revealed  non  statistically  significant  differences  (p=  0.10).  The  right  and  left  kidneys 
received  mean  blood  flows  of  678  ±  31  and  700  ±  32  ml/min/100  gm  wet  tissue  weight, 
respectively. 
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Table  X:  Comparison  of  hematocrit  (Hct)  and  blood  gas  analyses  preceeding  L-arginine 
administration  and  after  180  mg/kg  bolus  administration  of  l-arginine.  No  significant  differences 
between  pH,  PC02,  P02,  and  Hct  were  observed. 


DISCUSSION 


It  has  been  demonstrated  that  nitric  oxide  plays  a  significant  role  in  the  regulation  of  ocular 
blood  flow  in  neonate  piglets.  To  our  knowledge  this  is  the  first  in-vivo  study  to  demonstrate  the 
role  of  nitric  oxide  in  the  ocular  microcirculation  using  radiolabelled  microspheres  with  simultaneous 
measurement  of  blood  flow  to  the  retina,  choroid,  and  anterior  uvea.  We  have  demonstrated  that 
enantiomeric  specific  blockade  of  NOS  by  L-NAME  compromises  the  autoregulatory  capacity  of  the 
retinal  vasculature,  and  that  NO  is  a  mediator  in  establishing  the  resting  basal  tone  of  the  uveal 
circulation. 

The  mechanism  operative  in  the  modulation  of  blood  flow  to  the  retina  and  uveal 
circulations  are  very  different.  Linear  pressure-flow  relationships  to  the  uveal  circulation  in  response 
to  reductions  in  perfusion  pressure  gradients  by  increasing  IOP  have  been  previously  reported  (Aim 
&  Bill,  1973b;  Ernest,  1989a,b).  In  this  study  we  altered  ocular  perfusion  pressure  by  manipulating 
IOP  hydrostatically  without  controlling  the  prevailing  MAP.  We  felt  that  decreasing  ocular  perfusion 
pressure  by  elevating  IOP  rather  than  lowering  MAP  has  more  pertinent  clinical  relevance,  for 
instance  in  acute  closed-angle  glaucoma  (Grunwald  et  al,  1988;  Alder  et  al,  1989  &  1990). 
Furthermore,  altering  IOP  rather  than  MAP  to  control  ocular  perfusion  pressure  assured 
hemodynamic  stability  for  the  microsphere  technique.  Hemodynamic  stability  is  an  essential 
requirement  when  measuring  blood  flow  with  the  microsphere  technique. 

However,  some  authors  (Kiel  &  Shepherd,  1992)  suggest  that  this  method  of  changing 
ocular  perfusion  pressure  suppresses  the  capacity  of  the  choroidal  circulation  to  autoregulate  and 
that  the  efficacy  of  the  autoregulation  is  dependent  on  IOP.  In  pentobarbital  anesthetized  albino 
rabbits  using  a  laser  Doppler  flowmeter  the  authors  demonstrated  evidence  of  choroidal 
autoregulation  when  arterial  pressure  was  controlled  to  change  the  ocular  perfusion  gradient  and 
when  the  IOP  was  less  than  25  mmHg.  As  the  authors  suggest  it  is  feasible  that  increasing  IOP 
may  not  be  the  appropriate  stimulus  for  eliciting  choroidal  or  anterior  uvea  blood  flow 
autoregulation.  In  our  study  we  failed  to  observe  any  apparent  capacity  of  the  choroid  or  anterior 
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uvea  circulations  to  autoregulate  blood  flow.  We  obtained  a  strong  linear  correlation  between  blood 
flow  and  ocular  perfusion  pressure.  Our  findings  are  consistent  with  the  findings  of  Aim  &  Bill 
(1973b)  and  Friedman  (1970)  who  manipulated  IOP  to  alter  OPP  and  measured  blood  flow  changes 
using  radiolabelled  microspheres. 

Elevating  IOP  raises  ocular  venous  pressure.  Bill  (1963)  showed  that  intraorbitally  the 
pressure  in  the  vortex  veins  (which  drain  the  choroid)  is  equal  to  IOP  over  a  broad  range  of 
intraocular  pressures.  Employing  the  use  of  IOP  elevations  (or  venous  pressure  elevation)  to  study 
blood  flow  autoregulation  provides  insight  which  helps  to  elucidate  between  the  metabolic  and 
myogenic  mechanism  responsible  for  autoregulation  in  the  various  vascular  beds  (Granger  & 
Shepherd,  1973;  Johnson,  1964).  According  to  the  myogenic  theory  altering  transmural  pressure 
gradient  by  raising  the  venous  pressure  (ie,  IOP  in  our  case)  decreases  the  perfusion  pressure 
gradient  and  increases  the  transmural  pressure  gradient  (Kiel  &  Shepherd,  1992).  This  evokes  a 
myogenic  vasoconstriction  according  to  the  law  of  LaPlace,  which  along  with  a  fall  In  perfusion 
pressure  gradient  will  cause  a  reduction  in  blood  flow.  According  to  the  metabolic  theory, 
decreased  blood  flow  caused  by  a  decreased  perfusion  pressure  gradient  results  in  accumulation 
of  vasoactive  metabolites  which  causes  blood  flow  to  remain  at  baseline  values.  The  use  of 
elevation  in  intraocular  pressure  is  a  useful  method  to  determine  which  mechanism,  myogenic  or 
metabolic,  predominates  in  the  particular  vascular  beds  of  the  ocular  circulation.  Only  the  metabolic 
mechanism  of  blood  flow  regulation  would  maintain  baseline  blood  flow  values  during  elevations  in 
IOP. 

These  findings  are  consistent  with  a  strong  myogenic  component  to  the  uveal  circulation 
for  the  maintenance  of  blood  flow.  These  findings  are  in  agreement  with  Kiel  &  Shepherd  (1992) 
who  used  a  myogenic  mathematical  model  of  the  choroid  and  were  able  to  simulate  the  results  from 
experimental  observations. 

This  study  has  established  that  the  high  basal  blood  flow  to  the  choroid  and  to  the  anterior 
uvea  is  mediated  by  nitric  oxide.  We  were  able  to  reduce  basal  choroidal  and  anterior  uvea  blood 
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flow  by  47%  and  43%,  respectively,  by  enantiomeric  specific  blockade  of  NOS  with  L-NAME.  The 
influence  of  NO  in  the  maintenance  of  uveal  blood  flow  was  more  apparent  at  the  high  ocular 
perfusion  pressures  than  at  the  lower  OPP.  This  suggests  that  there  is  a  constant  basal  release  of 
NO  in  the  choroidal  and  anterior  uveal  circulations. 

The  choroidal  vasculature  which  receives  more  blood  flow  per  gram  of  tissue  than  perhaps 
any  other  tissue  in  the  body,  is  exposed  to  high  shear  stress.  Since  the  arterio-venous  oxygen 
difference  of  the  choroid  is  approximately  3%,  the  high  blood  flow  to  the  choroid  is  not  due  to  tissue 
metabolic  demands.  Therefore,  we  postulate  that  the  basal  release  of  NO  in  the  uveal  circulation 
is  a  result  of  shear  stress.  Physical  stimuli  such  as  shear  stress,  and  pulsatile  stretching  of  the 
vessel  wall  can  stimulate  the  release  of  NO  and  may  be  physiologically  the  most  important 
mechanism  of  NO  release  from  the  vascular  endothelium  (Busse  et  al,  1993).  It  has  been 
documented  that  shear  stress-induced  release  of  NO  is  a  major  factor  regulating  vascular  tone.  The 
basal  release  of  NO  has  been  reported  to  represent  a  large  portion  (20-40%)  of  the  total  NO 
releasing  capacity  of  endothelial  cells.  It  is  feasible  that  the  basal  release  of  NO  is  mediated  by  a 
Ca2+  dependent  and  Ca2+  independent  NOS  and  that  the  two  pathways  contribute  synergistically 
to  the  basal  release  of  NO.  However,  utilizing  analogues  of  L-arginine,  one  is  not  able  to 
differentiate  between  the  pathways.  In  cultured  bovine  endothelial  cells  it  has  been  found  that  an 
increase  in  shear  stress  is  associated  with  an  increase  in  Ca2+  and  consequently  an  increase  in  NO 
formation.  In  some  instances,  shear  stress  induced  vasodilation  can  be  mediated  by  a  flow-sensitive 
potassium  channel  which  results  in  the  production  of  NO  (Busee  et  al,  1993).  In  addition,  shear 
stress-dependent  release  of  NO  may  be  mediated  by  agonists  that  stimulate  the  endothelium  in  an 
autocrine  manner.  In  cultured  endothelial  cells  flow  has  been  shown  to  induce  the  release  of  ATP, 
substance  P,  and  acetylcholine. 

At  high  intraocular  pressures  the  perfusion  pressure  gradient  is  reduced,  resulting  in 
decreased  blood  flow  and  thus,  attenuating  the  fluid  shear  stress  dependent  release  of  NO  and 
minimizing  the  vasodilator  contribution  of  NO  to  the  choroidal  and  anterior  uvea  vasculatures.  We 
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obtained  convergence  of  the  linear  regressions  representing  uveal  blood  flow  for  each  treatment 
group  at  the  low  ocular  perfusion  pressures.  Given  the  current  experimental  design  it  is  not 
possible  to  isolate  the  factors  which  may  contribute  to  the  observed  convergence  of  uveal  blood 
flow  in  the  two  treatment  groups  at  the  low  ocular  perfusion  pressures.  These  results  indirectly 
support  the  notion  that  the  predominant  effect  of  NO  on  the  uveal  circulation  is  at  baseline  and 
higher  ocular  perfusion  pressures,  where  shear  stress  would  be  greater  and  act  as  the  mediator  of 
NO  release. 

An  alternative  explanation  could  be  obtained  from  investigating  blood  flow  patterns  of  the 
contralateral  eye.  Analysis  of  blood  flow  to  the  contralateral  eye,  which  had  the  IOP  maintained 
near  baseline  (12  t  2  mmHg)  for  the  duration  of  the  experimental  protocol,  provides  evidence  for 
stability  of  ocular  blood  flow  over  time.  Significant  differences  in  blood  flow  to  the  experimental  eye 
were  obtained  at  time  points  at  which  the  contralateral  eye  demonstrated  stability  of  flow.  It  is 
apparent  that  convergence  of  uveal  blood  flow,  but  not  retinal  blood  flow,  occurred  in  the 
contralateral  eye. 

In  an  attempt  to  explain  this  observation  we  analyzed  MAP  and  OPP  changes  over  time. 
Since  IOP  was  held  constant  near  baseline  IOP,  the  MAP  and  OPP  parallel  each  other.  There  was 
less  than  a  10  mmHg  reduction  in  OPP  and  MAP  in  the  L-NAME  treated  group  for  the  duration  of 
the  experiment.  In  the  D-NAME  treated  group  slight  elevation  in  MAP  and  OPP  were  evident  at 
approximately  140  minutes  post  completion  of  the  surgical  protocol.  Clearly,  these  minor 
fluctuations  cannot  account  for  the  magnitude  in  the  reduction  of  uveal  blood  flow  seen  over  time. 
However,  the  observed  reduction  in  uveal  blood  flow  to  the  contralateral  eye  correlate  closely  with 
changes  in  cardiac  output  (L-NAME  r=0.81 ;  D-NAME  r=0.69).  In  contrast,  ocular  blood  flow  to  the 
eye  which  had  the  perfusion  pressure  gradient  experimentally  manipulated  showed  no  correlation 
between  ocular  blood  flow  and  cardiac  output  (L-NAME  r=0.37;  D-NAME  r=0.29).  We  postulate 
that  because  the  uveal  circulation  is  pressure  passive,  the  reduction  of  uveal  blood  flow  in  the 
contralateral  eye  is  predominantly  due  to  reductions  in  cardiac  output  overtime. 


101 


The  observed  reduction  of  blood  flow  over  time  in  the  contralateral  eye  could  also  be 
consistent  with  an  effect  of  D-NAME  on  blood  flow.  It  has  been  reported  that  alkyl  esters  of  L- 
arginine  such  as  L-NAME  and  possibly  D-NAME  are  muscarinic  receptor  antagonists  (Buxton  et  al, 
1993).  Although  competitive  blockade  of  NOS  by  L-NAME  is  enantiomerically  specific,  it  is  possible 
that  there  is  an  allosteric  binding  site  for  these  arginine  analogues  on  the  muscarinic  receptor  which 
is  not  sensitive  to  enantiomeric  alterations  due  to  structural  homology.  It  is  feasible  that  a 
cumulative  effect  of  D-NAME  caused  the  observed  reduction  in  uveal  blood  flow  by  muscarinic 
antagonism.  This  hypothesis  is  consistent  with  an  average  elevation  of  1 1  mmHg  in  MAP  seen  after 
140  minutes  of  D-NAME  infusion. 

It  must  be  stressed  that  although  this  suggests  that  D-NAME  may  not  be  a  true  'inactive 
enantiomer*,  presently  homologous  enantiomers  are  the  best  vehicle  controls  available  in  part  due 
to  the  lack  of  D-transport  mechanisms.  This  does  not  signify  that  the  dramatic  reductions  seen  in 
uveal  blood  flow  following  L-NAME  are  mediated  by  antagonizing  muscarinic  receptors  rather  than 
competitive  blockade  of  the  NOS  enzyme.  Although  some  degree  of  blood  flow  reduction  could 
be  attributed  to  muscarinic  antagonism.  One  is  able  to  differentiate  between  these  two  effects 
because  NOS  blockade  by  L-NAME  is  sensitive  to  reversibility  with  exogenous  L-arginine,  while 
muscarinic  receptor  antagonism  is  not  (Buxton  et  al,  1993). 

Currently,  enantiomeric  analogues  of  L-arginine  provide  the  best  method  by  which  to 
investigate  the  physiological  role  of  NO  in-vivo.  The  L-analogues  prevent  the  production  of  NO  and 
affect  any  process  dependent  on  NO  production.  The  use  of  these  analogues  to  conduct  in-vivo 
studies  present  some  unavoidable  drawbacks.  The  D-  or  L-  analogues  are  likely  to  adversely  affect 
processes  which  involve  L-arginine,  not  exclusively  NOS  enzyme  and  NO  production.  Arginine  is 
involved  in  amino  acid  metabolism  to  form  glutamic  acid,  which  is  used  in  the  CNS  for  formation 
of  GABA.  Arginine  is  involved  in  polyamine  biosynthesis  and  these  analogues  could  be  incorporated 
or  substituted  into  proteins.  Arginine  is  a  key  member  in  the  ornithine-urea  cycle,  which  is  the 
principal  catabolic  pathway,  and  has  been  found  in  human  aqueous  humor  (l33>imole/L)  although 
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its  function  is  currently  unknown  (Altman  &  Dittmer,  1974).  Furthermore,  these  analogues  have 
limited  selectivity  making  it  impossible  to  differentiate  the  effects  of  the  calmodulin-dependent  and 
calmodulin-independent  effects  of  the  NOS  enzyme. 

Pharmacological  effects  on  ocular  blood  flow  merit  some  discussion.  Pharmacological 
effects  could  also  contribute  to  the  observed  reduction  in  blood  flow  over  time  in  both  treatment 
groups.  Pentobarbital  has  been  shown  to  have  some  vagolytic  effects.  The  effects  of  sodium 
pentobarbital  and  chloralose/urethane  anesthesia  on  ocular  blood  flow  has  been  investigated  (Aim 
&  Bill,  1973b).  Retina  blood  flows  were  slightly  reduced  per  given  perfusion  pressure  in  67%  of 
monkeys  anesthetized  with  sodium  pentobarbital  anesthesia  when  compared  to  same  dose  of 
chloralose/urethane  anesthesia.  The  autoregulatory  capacity  of  the  retinal  circulation  under  sodium 
pentobarbital  anesthesia  was  not  significantly  affected  in  comparison  to  chloralose/urethane 
anesthesia.  Monkeys  receiving  the  barbiturate  anesthetic  sodium  pentobarbital  demonstrated 
autoregulation  of  retinal  blood  flow  during  increased  IOP,  showing  a  1%  mean  increase  in  retinal 
blood  flow  when  perfusion  was  reduced.  The  response  with  chloralose  anesthesia  showed  a  mean 
retinal  blood  flow  increase  of  5%  for  the  same  changes  in  perfusion  pressure.  Therefore  blood  flow 
changes  to  the  retina  was  not  significantly  affected  by  the  choice  of  anesthetic  agent,  although  a 
barbiturate  anesthetic  could  have  a  tendency  to  attenuate  the  autoregulatory  response  of  the  retinal 
circulation. 

The  non-depolarizing  neuromuscular  blocking  agent  pancuronium  bromide  (1  mg/kg/I V) 
was  utilized  to  cause  paralysis  of  the  extraocular  muscles  and  to  eliminate  chest  wall  resistance  and 
ineffective  spontaneous  ventilations.  Although  this  drug  does  not  cross  the  blood-retinal  or  blood- 
brain  barrier  because  of  a  quaternary  nitrogen  which  makes  it  poorly  soluble  in  lipid  (Katzung, 
1989),  it  has  been  shown  to  have  vagolytic  action  and  enhance  the  release  or  blocked  reuptake  of 
norepinephrine. 

The  possibility  that  blood  flow  reductions  over  time  could  be  a  result  of  extensive  blood 
withdrawal  required  for  microsphere  technique  or  the  result  of  excessive  arteriolar  and  capillary 
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plugging  due  to  multiple  serial  injections  of  microspheres  was  considered.  We  concluded  that  both 
these  options  are  highly  unlikely.  The  temporal  control  studies  as  well  as  the  retinal  blood  flow  of 
the  contralateral  eye  demonstrate  consistent  blood  flow  estimations  and  provide  evidence  against 
any  artifactual  blood  flow  estimate  due  to  an  exclusive  isotope.  Aim  &  Bill  (1972a,  1973b)  have 
conducted  studies  investigating  the  effect  of  different  dosages  of  injected  spheres  and  concluded 
using  two  extreme  dosages  of  microspheres  that  the  calculated  eye  blood  flows  for  the  retina  and 
choroid  were  not  affected.  The  iris  was  apparently  more  susceptible  to  capillary  plugging  at  the 
high  dose  than  the  remaining  ocular  circulation,  as  well  as  other  regions  of  the  cerebral  circulation. 
Showing  a  substantial  reduction  (53%)  in  mean  blood  flow  at  the  high  dose.  Their  ‘high  dose’  was 
substantially  greater  than  the  total  number  of  spheres  which  we  injected. 

This  study  has  demonstrated  that  enantiomeric  specific  blockade  of  NOS  by  L-NAME 
significantly  compromises  the  autoregulatory  capacity  of  the  retinal  circulation.  The  influence  of  NO 
in  establishing  a  basal  tone  to  the  retinal  microcirculation  is  less  dearly  defined,  but  its  role  appears 
to  be  less  significant  than  in  the  modulation  of  retinal  autoregulation.  In  each  eye  retinal  baseline 
blood  flow  values  in  the  D-NAME  and  L-NAME  treated  groups  did  not  differ  significantly.  However, 
consistently  lower  retinal  blood  flows  were  obtained  with  L-NAME  regardless  of  whether  the  ocular 
OPP  gradient  was  decreased  or  maintained  near  baseline.  In-vitro  studies  in  large  ophthalmic 
vessels  have  shown  a  role  for  NO  in  maintaining  basal  vascular  tone  (Yao  et  al,  1991;  Haefliger  et 
al,  1992).  Our  findings,  although  incondus'ive  with  regards  to  a  basal  role  of  NO  in  the  retinal 
microcirculation,  are  not  in  opposition  to  the  previously  reported  findings.  Our  findings  do  suggest 
that  the  retinal  microcirculation  is  perhaps  less  dependent  on  NO  for  basal  tone  than  the  larger 
caliber  vessels  supplying  the  retinal  circulation. 

Nitric  oxide  appears  to  exert  its  predominant  effect  on  retinal  autoregulation  at  ocular 
perfusion  pressures  of  30,  40,  and  50  mmHg.  The  influence  of  NO  in  maintaining  retinal  blood  flow 
at  the  lower  OPP  of  20  mmHg  appears  to  be  decreased  in  comparison  to  the  higher  ocular 
perfusion  pressures.  The  apparent  decreased  contribution  of  NO  in  maintaining  retinal  blood  flow 
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at  this  lower  OPP  could  stem  from  several  possible  mechanisms.  At  an  OPP  of  20mm  Hg  we  are 
near  the  lower  limit  of  retinal  autoregulation  indicated  by  a  Gc  which  approaches  zero.  It  is  possible 
that  the  effect  of  NO  per  se  (isolated  from  tissue  metabolic  changes)  are  negligible  at  this  OPP.  At 
the  low  OPP  both  the  retinal  and  choroidal  circulations  are  extensively  compromised.  The  retina 
has  one  of  the  highest  oxygen  requirements  of  any  tissue  in  the  body  as  well  as  high  requirements 
for  glucose  and  other  metabolites.  It  is  highly  dependent  on  the  choroidal  circulation  to  meet  these 
nutritional  requirements.  At  the  low  OPP  the  retina  is  susceptible  to  hypoxia  and  ischemia.  It  has 
been  well  documented  that  hypoxic  tissue  generates  oxygen  free  radicals  (Venae  et  al,  1993).  It 
is  possible  that  ischemia  can  impede  the  effects  of  NO  through  oxygen-derived  free  radical 
generation  caused  by  hypoxia  at  high  intraocular  pressures.  Hypoxia  could  trigger  the  release  of 
a  vasoconstrictor  agent  or  expedite  the  inactivation  of  NO  by  reactions  with  oxygen  free  radicals. 
Alternatively,  hypoxia  could  inhibit  NOS  activity  primarily  through  the  depletion  of  oxygen.  The  NOS 
enzyme  requires  molecular  oxygen  as  a  substrate.  The  activity  of  the  NOS  enzyme  under  hypoxic 
conditions  has  been  investigated  and  has  led  to  contradictory  findings. 

Rengasamy  and  Johns  (1991)  characterized  the  modulation  of  NOS  activity  by  measuring 
L-[3H]  citrulline  formation  in  bovine  cerebellum  homogenates  during  high  and  low  oxygen  tensions. 
Hypoxia  markedly  inhibited  NOS  activity  primarily  through  the  depletion  of  oxygen.  Not  all  studies, 
however,  have  shown  that  hypoxia  decreases  NOS  activity.  Pohl  and  Busse  (1989)  reported  that 
hypoxia  stimulated  NOS  activity  in  the  rabbit  femoral  artery  and  aorta.  It  is  postulated  that  the 
enhanced  synthesis  of  NO  is  due  to  an  increase  in  cellular  Ca2+  at  a  low  P02  (20-50  mmHg).  The 
effect  of  hypoxia  on  NOS  activity  is  currently  an  area  of  debate,  however  during  hypoxia  the 
effective  concentration  of  NO  and  therefore  its  effects  would  likely  be  attenuated  due  to  rapid 
inactivation  by  oxygen  free  radicals. 

Other  feasible  mechanisms  by  which  the  role  of  NO  in  the  retinal  circulation  could  be 
influenced  is  by  interaction  of  other  vasoactive  metabolites  which  may  constitute  a  significant 
contribution  to  the  maintenance  of  retinal  blood  flow  during  metabolic  alterations.  Gidday  &  Park 
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(1 993),  investigated  ocular  blood  flow  using  videomicroscopy  in  newborn  piglets  and  concluded  that 
endogenous  adenosine  does  not  contribute  to  the  maintenance  of  basal  tone,  but  plays  an 
important  role  in  the  metabolic  regulation  of  retinal  blood  flow  mediated  via  A-2  receptors. 
Adenosine  would  be  a  good  mediator  because  its  production  is  linked  to  ATP  production  and  thus 
would  serve  to  increase  retinal  blood  flow  under  conditions  of  reduced  oxygen  supply.  Several 
studies  have  documented  calcium-dependent  retinal  adenosine  release,  and  increases  in  intracellular 
Ca2+  have  been  reported  during  hypoxia  (Gidday  &  Park,  1993).  Therefore  contributing  effects  by 
other  vasodilator  agents  such  as  adenosine  or  prostacyclin  in  the  maintenance  of  ocular  blood  flow 
at  low  ocular  perfusion  pressures  may  mask  the  vasodilator  effects  brought  about  by  NO. 

The  effects  of  acute  changes  in  intraocular  pressure  on  regional  eye  blood  flow  have  been 
determined  using  I5nm  radiolabelled  microspheres  in  monkeys  and  cats  (Aim  &  Bill,  1972a  & 
1973b).  The  spontaneous  pressure  of  one  eye  was  monitored  (mean  IOP  lOmmHg;  OPP  = 
82mmHg)  and  the  contralateral  eye  was  stabilized  for  a  minimum  of  20  minutes  at  a  mean 
intraocular  pressure  of  30mmHg  (PP  =  62mmHg).  The  eyes  with  increased  IOP  showed  a  30% 
reduction  in  blood  flow  to  the  choroid  and  a  30-34%  reduction  in  the  prelaminar  portion  of  the  optic 
nerve  head  when  compared  to  the  control  eye.  Blood  flow  in  the  retina,  the  iris  and  ciliary 
processes  and  muscles  did  not  show  a  statistically  significant  reduction  in  blood  flows,  suggesting 
that  these  structures  have  sufficient  autoregulatory  capacities  within  the  pressure  range  investigated. 
In  a  similar  study  (Aim  &  Bill,  1972a)  using  cats,  moderate  reductions  in  perfusion  pressures  resulted 
in  either  no  change  or  an  increase  in  blood  flow  to  the  retina.  It  is  speculated  that  the  increase  in 
retinal  blood  flow  during  reductions  in  perfusion  pressures  is  a  compensation  for  a  significant 
reduction  in  choroidal  blood  flow.  Therefore,  it  appears  that  under  certain  circumstances  the  retinal 
vasculature  may  over-autoregulate  in  response  to  decreases  in  perfusion  pressures. 

The  magnitude  of  the  "over-compensatory*  response  in  the  retinal  circulation  to  changes 
in  IOP  appears  to  be  species  dependent.  It  appears  that  the  primate  retina  is  less  dependent  on 
oxygen  diffusion  from  the  choroid  than  is  the  retina  from  cats.  It  is  important  to  point  out  that  there 
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are  some  distinct  differences  between  the  vascular  anatomy  of  the  cat  eye  and  that  of  the  pig  which 
resembles  more  the  human  retina.  We  observed  some  evidence  of  over-compensation  of  retinal 
blood  flow  with  D-NAME  at  an  OPP  of  50  mmHg,  a  perfusion  pressure  similar  to  that  at  which  Bill 
and  Aim  described  the  observed  phenomenon.  In  our  studies,  at  an  OPP  of  50  mmHg,  the 
choroidal  circulation  decreased  by  approximately  55%  from  baseline  value.  Our  autoregulatory  gain 
calculation  for  retinal  blood  flow  with  D-NAME  at  this  OPP  is  above  unity  which  is  indicative  of  an 
overregulatory  phenomenon.  Interestingly,  no  such  response  was  observed  when  nitric  oxide  was 
blocked  with  L-NAME.  This  observation  suggests  that  nitric  oxide  may  play  a  role  in  reactive 
hyperemic  mechanisms  in  the  retinal  circulation. 

A  marked  transient,  dose-related  hypotensive  effect  following  intracardiac  bolus 
administration  of  L-arginine  (180  mg/kg)  was  observed.  This  systemic  cardiovascular  effect  has 
been  attributed  to  endogenous  acetylcholine  induced  NO  release  (Cemadas  et  al,  1990).  We 
selected  to  perform  intracardiac  injections  of  L-arginine  in  order  to  optimize  the  effective 
concentration  of  L-arginine  reaching  the  brain  and  ocular  circulation  and  to  minimize  ligand  binding 
and  interference  by  other  plasma  amino  acid  competitors. 

Choroidal  and  anterior  uveal  blood  flows  showed  a  tendency  to  increase  following  L-arginine 
administration.  However,  the  increases  in  blood  flows  at  two  perfusion  pressures  were  not 
significantly  different  when  compared  to  L-NAME  control  blood  flows.  Following  L-arginine 
administration  blood  flows  (mean  ±  SEM)  were  above  the  95%  confidence  interval  for  the  linear 
regression  established  for  blood  flow  values  in  the  prior  series  of  L-NAME  treated  animals.  Nitric 
oxide  is  synthesized  stereospecifically  from  L-arginine.  Therefore  we  postulate  that  the  increase  in 
ocular  blood  flow  seen  following  L-arginine  administration  is  due  to  the  reversibility  of  the  NOS 
blockade  by  L-NAME  and  that  the  increase  in  flow  is  thereby  mediated  via  the  NO:L-arginine 
pathway.  At  our  high  dose  of  L-arginine  and  in  the  absence  of  a  D-arginine  control  we  cannot 
exclude  the  possibility  that  the  vasodilator  effects  of  L-arginine  may  be  endothelium  independent, 
not  stereospecific,  and  unrelated  to  NO  (Calver  et  al,  1990).  Therefore  it  is  difficult  to  exclude  other 
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elicited  mechanisms  which  could  have  contributed  to  the  increase  in  ocular  blood  flow.  For 
instance,  it  has  been  shown  that  arginine  can  release  histamine  from  isolated  perfused  skin  in  cats 
(Eldridge  &  Paton,  1954).  L-arginine  effects  are  widespread  and  have  been  shown  to  release  growth 
hormone,  insulin,  glucagon,  and  prolactin  (Cernadas  et  al,  1990). 

In  the  absence  of  a  D-arginine  control  the  antagonism  of  NOS  blockade  by  exogenous  L- 
arginine  administration  remains  inconclusive.  L-arginine  was  administered  as  a  bolus  rather  than 
by  constant  infusion.  This  may  account  for  the  lack  of  significant  increase  in  blood  flow  compared 
to  L-NAME  control  blood  flow  values.  A  constant  infusion  was  attempted  but  invariably  it  caused 
an  acute  and  profound  hypotensive  response  which  led  to  demise  of  the  animal.  The  limited 
effectiveness  of  L-arginine  to  show  complete  reversal  of  retinal  blood  flow  could  stem  from 
limitations  in  crossing  of  the  blood-retinal  barrier.  L-arginine  is  a  cationic  amino  acid  which  is 
transported  across  the  blood-retinal  barrier  (BRB)  and  blood-brain  barrier  (BBB)  via  two  main 
transport  systems;  1)  the  L-system  for  neutral  amino  acids  and  2)  the  cationic  amino  acid  system 
(y+)  (Bradbury,  1992).  The  L-system  is  present  in  isolated  microvessels  from  the  brain  and  retina. 
The  BRB  consists  of  two  morphologically  distinct  sites:  the  retinal  capillary  endothelium  and  the 
retinal  pigmented  epithelium.  The  considerations  to  assess  the  permeability  of  L-arginine  across 
the  RBB  are:  The  lipid  solubility  of  the  drug,  its  degree  of  protein  binding  and  its  affinity  to  naturally 
occurring  transport  systems  which  in  part  is  dependent  on  side-chain  hydrophobicity.  The  affinity 
of  L-NAME  or  the  lipophilic  properties  of  L-NAME  are  much  higher  than  L-arginine  and  therefore  it 
is  feasible  that  full  reversibility  of  the  L-NAME  effect  was  not  possible.  Some  transported  amino 
acids  can  be  extensively  metabolized  in  the  endothelial  cells  and  this  could  have  modified  the  extent 
of  transport.  The  anesthetic  agent  sodium  pentobarbital  appears  to  reduce  the  permeability  of  the 
BBB  and  possibly  the  BRB,  whether  this  is  the  result  of  a  direct  effect  upon  the  vasculature  or  due 
to  alterations  in  metabolism  is  still  unclear. 

Although  precautions  were  taken  to  insure  accurate  ocular  blood  flow  determination  via  the 
microsphere  technique,  methodological  factors  cannot  be  ruled  out.  Errors  in  blood  flow 
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determinations  could  have  resulted  from:  1)  non-representative  arterial  withdrawal  samples  2) 
insufficient  number  of  microspheres  in  the  ocular  tissues  3)  inhomogeneous  distribution  of  the 
microspheres  into  the  ocular  circulation  and  4)  variability  in  weight  measurements.  We  attempted 
to  minimize  errors  stemming  from  these  specific  sources  in  the  following  manner.  The  withdrawal 
pump  was  routinely  calibrated  and  each  withdrawal  sample  was  closely  scrutinized  during  the 
withdrawal  procedure.  The  number  of  microspheres  injected  were  calculated  to  optimized  the 
number  of  spheres  reaching  the  ocular  circulation,  without  altering  general  hemodynamics.  We 
optimized  and  monitored  the  homogeneity  of  microsphere  distribution  by  conducting  intraatrial 
microsphere  injections  and  comparing  blood  flow  to  each  kidney.  We  obtained  equal  blood  flow 
estimates  to  the  kidneys  and  eyes  which  provided  evidence  for  homogeneity  of  microsphere 
distribution  in  the  systemic  circulation.  We  minimized  variability  in  our  weight  measurements  by 
utilizing  dry  rather  than  wet  tissue  weight  to  make  blood  flow  determinations. 

In  conclusion,  this  study  presented  strong  evidence  which  demonstrates  that  nitric  oxide 
plays  an  important  physiological  role  in  the  regulation  of  retinal,  choroidal,  and  anterior  uvea  blood 
flow  to  the  microcirculation.  To  our  knowledge,  these  findings  are  the  first  in-vivo  studies  to 
demonstrate  the  role  of  nitric  oxide  in  modulating  the  autoregulatory  capacity  of  the  retinal 
circulation.  This  study  provides  evidence  that  nitric  oxide  plays  a  role  in  regulating  the  basal  tone 
of  the  uveal  circulation.  This  is  the  first  study  to  investigate  the  interrelationship  of  the  uveal  and 
retinal  circulations  under  conditions  of  nitric  oxide  blockade,  with  altered  perfusion  pressure  to  the 
ocular  circulation.  These  findings  provide  a  new  pathogenic  mechanism  for  many  ocular  vascular 
diseases.  These  studies  are  of  great  interest  both  from  a  basic  science  perspective  and  for  direct 
clinical  application  in  ophthalmology. 
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APPENDIX 


Composition  of  Mock  Aqueous  Humor  (to  make  two  liters): 

16.0  grams  sodium  chloride  (NaCI) 

0.70  grams  potassium  chloride  (KCI) 

0.34  grams  calcium  chloride  (CaCI) 

2.00  grams  D-Glucose  (Dextrose,  anhydrous)  (C6H120g) 

120.0  milligrams  magnesium  chloride  (MgCI) 

138.0  milligrams  sodium  phosphate,  dibasic  (Na^PO^ 
27.40  milligrams  sodium  phosphate,  monobasic  (NaHjPO^ 
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Plate  1 


Retinal  Blood  Supply 


Bruch  membrane 
Pigmented  epithelium 
Photoreceptor  layer 

Outer  nuclear  layer 
Outer  plexiform  layer 
Inner  nuclear  layer 
Inner  plexiform  layer 
Ganglion  cell  layer 
Retinal  arteriole 
Nerve  fiber  layer 
Internal  limiting  membrane 


Choriocapillaris 

Choroidal  vessels 


Retinal  capillary  loops 
Retinal  venule 


Retinal  vasculature  supplies 
blood  to  inner  retina  to  level 
of  inner  nuclear  layer.  Choroidal 
blood  supply  nourishes  avascular 
outer  retina 


